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A 4000 km2 area of Precambrian rocks i~ the Namaqua belt has been examined 
and it is concluded the present structural and metamorphic framework is the 
result of a complex·· polydeformational' arid polymetamorphic evolution. 
A major crustal break is present in the area and is represented by a 
northwest trending dextral shear zone - the Pofadder ZAHNCAFS. The zone of 
reorientation associated with this shear zone controls the geometry of the 
western part of the area. The shear zone varies in width from 20 to 40 km and 
the core contains a 2 km - 7 km wide belt of mylonites. Two sets of folds 
(Ds and D6) have been formed in the zone of reorientation in the northern 
block. The Ds folds are northeast trending en-echelon structures up to 30 
km long and the interference pattern produced by superimposed northwest 
trending D6 folds h.9-S resulted in a series of crescent-shaped antiforms. These 
folds are not present in the southern block and this is thought to be due to 
a pressure shadow effect connected with the nearby Vioolsdrif complex. Com-
ponents of both pure shear and simple shear were involved in the shear zone de-
velopment and a minimum displacement of 85 km is indicated by the strain 
analysis. The shear zone developed under medium to high-grade metamorphic 
conditions and the mylonites were formed by a process of dislocation an.d recovery. 
Harmonic and t1/a analyses of mesoscopic folds associated with two older 
fold sets (D3 and D4) has shownthat certain fold attributes such as shape 
and 'tightness' are dependent on lithology and are virtually the same for 
all major .structures examined. Mesoscopic folds in the Onseepkans area, 
therefore, cannot be regarded as having a unique style for different genera-
tions. Finite strain estimates show that Di folds in both the east and the 
west of the area represent :a total shorten~ngJ A. 2/A.1 = , 11 and Jt..2/A.1 for D4 
folds varies between 1 16 in the west and ,IS in the east. 
Two major metamorphic events have affected the rocks.' The first event 
(Kumian) produced granulite-grade metamorphites and was as~ociated with the 
.intrusion of norites and enderbites of the charnockitic suite. The Kumian is 
thought to have produced garnet and sillimanite in rocks of pelitic composi-
tion. Norites; enderbites, granulite-grade metamrophites and garnetiferous 
rocks of pelitic composition are absent from that part of the area south of 
the mylonite belt in the Pofadder ZAHNCAFS. The indicated P-T conditions 
for this event are 8 .. 9 kb at 800°- 860°c. · . 
The second event (Velloorian) was associated with the intrusion of two 
granitoids (Beenbreek megacrystic granite and Naros granitoid) and culminated 
in a period of widespread migmatisation. The Velloorian produced high-grade 
'quartz + muscovite out' assemblages ove.r most of the area and gave rise to 
the mantling of garnet by cordierite in rocks of pelitic composition and the 
retrogression of norites, enderbites and granulite-grade metamorphites. South 
of the mylonite belt in the Pofadder ZAHNCAFS 'quartz +muscovite in' assem-
blages define medium-grade metamorphites and rocks of pelitic composition con-
tain sillimanite and prograde cordierite. The indicated P-T conditions for 
this event are estimated at 650° between 3.5 and 5 kb for the southern block 
and 650°- 700° between 5 and 7 kb for the northern block. 
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The area described in this report lies in the extreme southeast corner 
of South West Africa. It is bounded by the Orange River in the south, the 
19° meridian in the west and the limit of the pre-Nama basement in the north. 
This is an area of approximately 5000 km2 of which nearly 4000 km2 is exposed 
rock. 
The area forms part of the deeply incised valley of the Orange River, the 
only perennial river in the area. Rugged terrain with a relief of 600 m is 
typical in the immediate vicinity of the river (Orange River Mountains) but 
farther to the north extensive plains with scattered inselbergs are more charac-
teristic. The northern limit of the area is marked by an escarpment formed by 
the undeformed Nama rocks whose height varies from about 250 m in the east 
where the escarpment borders the Orange River to about 20 min the west where· 
,the escarpment is about 60 km from the river. This area is a desert receiving 
about 50 - 85 mm of rainfall a year. Most of this rainfall occurs in the sunnner 
months during violent thunderstorms. This section of the Orange River valley 
has the highest mean temperatures of any locality in southern Africa and 
summer screen temperatures of approximately 50°C are not uncommon. 
Vegetation is sparse except in the courses of the larger intermittent rivers 
such as the Keinab and Ham Rivers where tamarisk and thorn trees are fairly 
common. Thorn trees with a thick undergrowth line the banks of the Orange. River. 
A detailed description of flora may be found in Beukes (1973). Several species 
of gazelle and antelope are present in the area as well as baboons, monkeys, 
leopard and jackal. Cobras, adders and scorpions are sometimes encountered. 
There are no villages in the area. South of the river the small community 
at Onseepkans exists by irrigation farming on the flood plain of the Orange 
River. Cotton, lucerne, wheat and citrus fruits are grown. Elsewhere, most of 
the area is too arid to be used for anything except Karakul sheep farming. 
' ' 
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1. Previous work 
Apart from brief observations by Haughton and Fronnnurze (1936) there was no 
published information on the area at the start of the investigation. The only 
publication of note in the near vidni ty was on the Riemvasmaak area some dis-
tance to the east (von Backstrom 1967) and the Pella area southwest of On-
seepkans (Coetzee 1941). Outlines of the geology south of the river exist 
in Gevers et al. (I 937) and Hugo (1969) both of whom were mainly concerned 
with the pegmatites. 
Truswell (1970) includes a.map of northern Cape Province and southern 
South West Africa in his book where rocks incorrectly described as 'Kheis 
System' are shown extending across the Orange River east of Onseepkans approx-
imately where the Naros granitoid has now been mapped. 
During the present investigation several other studies on adjacent areas 
appeared in print. Geological Survey 1:125 000 series maps along the southern 
bank of the Orange River extending from Goodhouse to Onseepkans appeared in · 
1973. This was, however, based on field work undertaken in the early 1940's. 
In 1974 unpublished D.Sc. theses on the Warm.bad area (Beukes 1973) farther 
west and the Riemvasmaak area near Upington (Geringer 1973) became available 
(c.f. inset on geological map). The former area shares a connnon boundary with 
the present area under investigation, the latter a point of contact where the 
20° meridian crosses the Orange River. Joubert (1974b) has published an out-
line of the geology of the Pofadder area to the south of Onseepkans. 
2. Regional geology 
The metamorphic rocks in the Onseepkans area appear contiguous with similar 
rocks found over large areas of Bushmanland, Namaqualand, northern Cape Province 
and southern South West Africa. They have.variously been referred to as the 
Namaqualand gneisses (Joubert 1971), Namaqualand Granite Gneiss Massif (Martin 
1965; Clifford et al. 1975a), Namaqua granite gneiss (Truswell 1970) and the 
Namaqua Metamorphic Complex (Blignault et al. 1974). They have also been re-
ferred to as forming part of the Kibaran Orogenic Zone. (Holmes 1951); Sonama 
Crustal Province (Pretorius 1974; Cornell 1975), Namaqua-Natal Mobile Belt 
(Clifford 1970), Namaqua Mobile Belt (Vajner 1974) and the Namaqua Tectonic 
Province (Blignault et al. 1974). 
In this report the term Namaqua-Natal Mobile Belt is retained for the 
belt as a whole and that section of it in the northern Cape Province and south-
ern South West Africa is referred to as the Namaqua belt. The term is used for 
all metamorphic and associated igneous rocks underlying th'e Nama (Germs 1972) 
Gariep (Kroner 1974a) and Karas (du Tait 1965) Groups and formations of equi-
valent or younger age and, in the east, extending to the Kaapvaal Craton (Pre-
torius 1964). This includes the Vioolsdrif igneous complex, an area of mainly 
low to medium-grade metamorphic rocks derived from intrusive granitoids and 
lavas in the Goodhouse-Vioolsdrif area (Bertrand 1976; Blignault 1974; Reid 
1974). It also includes those rocks described as part of the Kheis System 
3 
(c.f. comment in sect;i,on 1). A sketch map of the region l.S shown in Fig. 1. 
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Figure 1. Sketch map of southern South West Africa and northern Cape Province 
showing the extent of the Namaqua.belt (N.B.). 
3. Present investigation -
The aim of the present study was to provide a more detailed account of 
the metamorphic and structural evolution of a section of the Namaqua belt. 
Prior to this investigation only the results of one reconnaissance study 
covering 12 000 km2 had appeared in print (Joubert 1971). Detailed investi-
gations that had appeared dealt with specific problems such as the genesis of 
ore-bearing intrusives (Benedict et al. 1964) or radiometric age dates (Nicolay-
sen and Burger 1965). Other publications have already been mentioned in sections 
1 and 2. 
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For this purpose a geological map was made of the area which involved 
13 months fieldwork. Mapping was done on 1:38 000 airphotos and then trans-
ferred to 1: 100 000' preliminary topographic maps. 
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CHAP,TER II 
LIT H 0 STRATIGRAPHY 
This section ,describes the main lithostratigraphic characteristics of 
the rock types occurring in the area. It is not intended here to give a com-
prehensive description of the mineralogy since this is covered in Chapter III 
on metamorphism and would therefore involve unnecessary repetition. It. is 
hoped that the reader will acquire a basic familiarity with the various for-
mations to enable him to follow the metamorphic development of the complex as 
described in the next chapter. 
In applying formation names the writer's aim was to comply with the 
recommendations of the I.U.G.S. Subcommission on Stratigraphic Nomenclature 
(Hedberg 1970). Above all the followi~g statement was considered paramount: 
'The proposed unit should be described and defined so clearly that any sub-
sequent worker can without doubt recognise the same unit' (ibid., p. 19). 
The application of the I.U.G.S. system to metamorphic and igneous rocks 
is not entirely a straightforward process but the system remains the best 
available at present. Other classification systems in metamorphic terrains 
tend to be subjective and open to other interpretations, for example the 
terminology presented such as 'supracrustal', 'infrastructure', 'upper crus-
tal' is.poorly defined and equivocal. Such classifications are not compatible 
with modern trends which seek to offer an unambiguous frame of reference. The 
writer believes that even in highly complex areas of metamorphic and igneous 
rocks the classification should involve observable physical features rather 
than inferred geological history or mode of genesis (Hedberg op. cit., p.5). 
With the increasing scale of mapping activity in the mobile belt there 
has been an unwelcome proliferation of formation names. It was found however 
that these terms could not be satisfactorily applied in the Onseepkans area, 
Beukes (1973) for example has a very extensive formation in the Warmbad area, 
the Umeis Formation or 'grey gneiss' which appears to be composed of many 
rock types mapped separately in the Onseepkans area. 
Broadly speaking the formations described below may be divided into two 
groups~ either pre-tectonic or syn-tectonic. The former group comprises a 
layered sequence of gneisses, the Austerlitz, Orangefall, Keimas, Pelgrimsrust, 
Jerusalem, Kambreek and Pella formations, which may represent ~ metasedimentary 
sequence. In the latter group occur all those rocks, granites, migmatites, 
6 
etc., that were formed during the tectonic evolution of the mobile belt; 
these include the Beenbreek, Naros, Nautsis, Kum Kum, Grass River, Stolzenfels, 
Jericho and Skimmelberg formations. The layered pre-tectonic gneisses are · 
collectively referred to in this text as the Onseepkans sequence. 
The scale of the accompanying map (Annexure 1) does not permit narrow 
horizons of individual formations to be shown and rather than make the map 
illegible 'they have been omitted. Amphibolites of the Jericho formation are 
very abundant in some localities but they are only represented on the map 
where they help to define major structures in otherwise uniform rocks. The 
Orangefall and Pelgrimsrust formations are particularly prone to variation 
on a metre scale which cannot be effectively shown on the map and the Been-
breek granite is commonly full of deformed xenoliths and remnants of pre-
tectonic gneisses. Pegmatites are very common throughout the area, but have 
been omitted from the map for the same reasons. · ' 
In the.Warmbad area Beukes (1973, pp. 107-108) has presented a structural-
stratigraphic sequence which places quartzo-feldspathic gneiss (Houms Rivier 
Formation) at the base, mixed gneiss or 'grey gneiss' (Umeis Formation) 
containing 10 different rock types above and aluminium-rich gneisses (Arus 
Formation) at the top. This column was derived from a structural succession 
visible in large antiforms south of Warmbad which show extensive quartzo-
feldspathic gneiss development in the fold cores. Since similar fol d's· show-
ing the same rock type in the cores are present in the Onseepkans area, it is 
important to establish whether this structural succession is viable on a 
regional scale. 
On the farms Pelgrimsrust and Keimas a wide area of quartzo-feldspathic 
gneiss in an antiformal fold core appears to be structurally overlain by 
comparatively narrow bands of other rock types. An earlier fold has been 
mapped adjacent to this large structure and is refolded by it (Fig. 2). When 
examining the relationship between these two 'folds it becomes obvious that the 
quartzo-feldspathic horizon 'A' in the surrounding envelope of 'mixed gneiss' 
is almost certainly the equivalent of the large area of quartzo-feldspathic 
gneiss · 'B' in the core of the late fold. It is equally apparent that the 
contact. between the quartzo-feldspathic gneiss in fold core 'C' with the mixed 
gneiss envelope cannot be the same contact as that between fold core 'B' and 
its envelope. It is clear from this example that if relatively thin horizons 
of different gneisses are mapped as one formation the true relationship 
between individual units is lost. The apparent great thickness of quartzo-
feldspathic gneiss in the Onseepkans-Warmbad area is partly due to its 
preservation in the cores of large-amplitude late folds. Since limb dips on 
these structures are commonly low, the formation occupies areas of several 
square kilometres although the actual .h-0rizon being folded need only be a few 
hundred metres thick. 
The writer has concluded that no structural succession based on folds 
formed late in the tectonic development of the belt can be considered meaning-
ful and the complexity of the deformation makes it difficult to arrive at a 
lithostratigraphic succession based on early folds. In areas where the early 
folds have been mapped without the interference of late structures (e.g. along 
the Ham River) it can be shown that the formations do not provide a clearly 
defined succession but are completely intercalated. The map I'egend, therefore, 
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.Figure 2. Simplified .sketch of the geology west of Onseepkans. The 
,quartzo-feldspathic horison 'A' is. the equivalent of the 
quartzo-feldspathic gneiss in fold cores 'B' and 'C' thus 
demonstrating that the contacts between the fold cores and 
their ~nvelopes are not the same • 
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cannot be taken in any way as representing a stratigraphic or structural 
succession in the Onseepkans sequence. 
In the modal analyses listed below brackets () indicate minerals showing 
evidence of alteration. Fancy brackets {} indicate retrograde minerals.. All 
analyses are estimated from charts prepared by Terry and Chilingar (1955) •. 
A. THE PRE-TECTONIC GNEISSES - THE ONSEEPKANS SEQUENCE 
1. Austerlitz quartzo-feldspathic gneiss formation 
Rocks composed essentially of feldspar and quartz with a low content of 
mafic minerals (less than 10%) are widely distributed in the area and form 
·'" 
one of the most common rock types in the Namaqua belt throughout the northern 
Cape Province and southern South West Africa. These rocks have been examined 
by several authors, notably Poldervaart and von Backstrom (1949) in the 
Kakamas area, Jansen ( 1960), Kroner ( 1968) and Pike (1959) in the Bitterfon-
tein area. Benedict et al. (1964) in the Okiep area, Joubert· (1971) in the 
northwestern Cape Province, Coetzee ( 1941) and Joubert (l 974b) in the Pofadder 
area and Vajner (1974) in the Marydale area. The reader is referred to 
Kroner (1968) for a detailed discussion on the controversial origins proposed 
for rocks of this composition. 
Various names have been used to describe these rocks, the most conunon 
being 'pink gneiss' but also leptite, leptynite, aplogneiss, granulite and 
biotite gneiss. The writer proposes that the term pink gneiss should not be 
used for lithostratigraphic classification. .rt originated as a field term 
describing the ~eathered appearance of certain rocks but its application 
throughout the Namaqua belt has led inevitably to the classification of rocks 
with diverse origins under a single heading. Leptite, leptynite and granulite 
are terms with a variety of definitions and in local geological publications 
these names have sometimes appeared without any definition. In general these 
rocks do not contain sufficient biotite to be called biotite gneiss. The 
writer favours the purely descriptive terms quartzo-feldspathic gneiss although 
the usage of the word gneiss for these often poorly foliated rocks is open to 
question. Winkler (1974) has suggested the name 'fels' for isotropic meta-
morphic rocks but this term has not become established. 
The Austerlitz formation is composed of pink, grey or white quartzo-
feldspathic gneisses which weather to.a light brown colour. In the field they 
commonly give rise to smooth, upstanding, rounded outcrops but increasing mafic 
mineral.content facilitates weathering thus producing a friable rock. In thin 
section they are seen to be composed of quartz, microcline, plagioclase and 
small amounts of biotite. Some rocks are composed essentially of quartz and 
plagioclase, usually andesine, but these are uncommon (see Table 1). Other 
minerals include muscovite, garnet, hornblende, sillimanite, sphene, epidote 
and chlorite'. The mafic mineral content varies considerably. In some 
localities (e.g. on the farm Stolzenfels) the gneiss has a very low biotite 
content (<1%) but this rock type grades imperceptibly both across and along 
9 
strike into horizons having a normal biotite content of between 2% and 8%. 
Sometimes the mafic mineral content varies in a seemingly erratic manner 
resulting iri small irregular patches rich in biotite. Some localities show 
an abundance of small knots or ellipsoidal aggregates of sillimanite, quartz 
and muscovite up to JO cm in length. Narrow horizons of red weathering 
schist rich in sillimanite are sometimes encountered in this formation. 
TABLE J. 
Estimated modal analysis of rocks of the Austerlitz formation 
Sample No. Mu Bi Si Ga Kf Pg Qz 
20 8 50 4 30 
54 50 J 50 
58 2 30 JO 50 
68 J 70 JO 20 
80 2 JO 80 
84, 2 60 3 40 
J J 4 80 15 
J 14A 4 70 I 30 
J87 3 5 70 30 
199 8 50 20 20 
216 (JO) 20 ·30 40 
271 JO 50 30 
287 2 ' 20 30 50 
325 (1) 50 (4) 50 
380 JO 20 50 20 
J l 05 50 40 
J J 36 5 30 2 60 
1142 J 2 60 20 
i J42A 2. 1 50 50 
119 J 5 60 J 40 
J297 JO 90 
1263A {I} 3 60 40 
1275 - { J } 60 2 40 
J30J 7 40 4 50 
1306 2 5 30 5 50 
1418 60 40 
I J 41 J 30 70 
J686 { 1} 3 30 70 
J48J (2) 60 5 30 
168J J 5 JO 80 
J817 { J} 1 I 80 20 
25 40 80 
56B 2 5 5 90 
77 6 ·50 40 
IO 
Sample No. Mu Bi Si Ga Kf Pg Qz 
794 3 40 40 20 
798 {I} (5) 80 20 
689 {3} I 40 60 
784A 60 40 
742 5 I . 80 20 
801 {4} 20 50 20 
815A I 40 60 
824 5 40 60 
828 { I} 8 40 (3) 50 
832 7 70 20 
834 {I} 8 20 (8) 60 
868 {I} 2 50 50 
870 ' { 1} 50 15 40 
872 4 9 30 (IO) 50 
874 40 (30) 30 
878 ' 2 90 40 
893 {4} IO 10 80 
900 2 80 5 20 
744 5 80 2 15 
905 ' { 1} 2 70 IO 20 
916 6 70 3 20 
917 {5} 80 20 
917A {5} (3) 70 2 30 
918 2 60 2 40 
919 {I} 80 20 
921 {2} 2 70 20 
922 1 4 80 20 
925 30 20 60 
926 I (7) 90 1 3 
934 5 50 50 
945 (8) 50 40 
949 1 80 I 20 
959 {l} 1 70 3 30 
960 5 60 8 30 
968 5 30 20 50 
980 I 40 60 
1062 { 1} 1 20 10 70 
756 {I} 5 20 10 60 
783 {lO} (3) 8 80 
911 { 1} 6 70 20 
926 {2} (7) 80 2 
708 {2} (3) 80 20 
937 6 so 10 40 
2154 {I} 50 30 20 
813 {1} 2 "60 40 
1130 ' I I 40 5 60 
1891 I 6 70 2 20' 
1934 7 50 40 
199 8 50 20 , 40 
1 1 
Contacts between the Austerlitz formation are sharp except in two general.·· 
cases. Increasing mafic mineral content gives rise to rocks classified as 
biotite gneisses which contain at least 10% biotite. In some localities. it is 
not possible to define an exact contact and there are places where borderline 
cases had to be assigned to either the Austerlitz or the Orangefall formation. 
On the official Geological map of the Onseepkans area (1972), south of the 
Orange River, these mica rich horizons in 'pink gneiss' have been classified 
as 'paragneiss' but in a rather arbitary fashion that the writer was not able 
to verify. For example, where the axial trace of the 'Falls antiform' crosses 
the Orange River a perfectly symmetrical arrangement of rock types exists on 
each side of the axial trace which is not'at all revealed by the disposition 
of the 'paragneiss' units shown on the official map. 
Occasionally the Austerlitz formation occurs in contact with augen gneiss. 
Since this latter rock type originated by blastesis it is obvious that gra-
dational contacts are the rule rather than the exception. Porphyroblasts of 
feldspar in the gneisses are fairly widespread, and where this fabric complete-
ly dominates the rock the name Grass River augen gneiss formation has been 
applied. 
The quartzo-feldspathic gneisses provide little fabric data. There has 
not been sufficient ductility contrast within the gneisses to produce meso-
scopic folds and a weak rodding is usually the only indication of large 
structures affecting the rock. Leucosomes which are fairly common in other 
formations are very poorly developed. 
As mentioned above the origin of these gneisses has been subject to con-
troversy, and since no chemical analyses are available from the area discussed 
here, the writer is not able to comment on most of the theories. The follow-
ing observations, however, suggest that the Austerlitz formation originated as 
a psammite: · 
(i) iiarrow horizons of metaquartzites and, possibly, metapelites 
are fairly continuous within the formation. 
(ii) at one locality on the farm Jericho cross bedding was found. 
(iii) nowhere in the area was an intrusive contact seen between 
the Austerlitz formation and other rock types. In some 
localities a white garnetiferous aplite associated with the 
Beenbreek granite shows intrusive relationships. When de-
formed it is very similar in appearance to gneisses of the 
Austerlitz formation and it is. shown on unpublished official 
maps as 'pink gneiss'. · · 
2. Orangefall biotite gneiss formation 
In this formation are included all the biotite gneisses present in the 
area. They are composed of biotite (>10%) quartz, microcline and plagioclase 
with lesser amounts of sillimanite, garnet and cordierite (Table 2). In the 
field the gneisses of this formation are light-to-dark grey in colour and 
12 
conunonly weather to a rusty brown colour. 
The formation is lithologically variable and contains narrow schistose 
horizons rich in biotite, cordierite or sillimanite, fairly common biotite:-
poor horizons and minor hornblende gneiss. On the farms Ondermatjie and 
Duurdrift Sud, the formation is typically a banded sequence of these different 
members intercalated with quartzo-feldspathic gneisses of the Austerlitz 
formation and amphibolites of the Jericho formation. In the west the forma-
tio.n is represented by a more monotonous succession of biotite gneiss, but 
near Onseepkans it contains a profusion of zoned calc-silicate boudins 
(Plate 1). These boudins are the tectonically disrupted remains of formerly 
continuous layers. 
Contacts with other rock types are sharp except, as previously noted, 
with the Austerlitz formation. Intercalated horizons of augen gneiss occur 
in the west and show gradational contacts with biotite gneisses. 
The biotite gneisses provide a wealth of fabric data in the form of 
lineations and folds. The rocks are invariably migmatised to some degree; 
southwest of Onseepkans the neosome is particularly abundant. 
Biotite gneisses are widely distributed throughout the Namaqua belt and 
ate subordinate only to quartzo-feldspathic gneisses in the scale of their 
development. In Namaqualand they have been described as semi-pelites 
(Joubert 1971) and in the Warmbad area as grey gneiss and granite gneiss 
(Beukes 1973). · 
TABLE 2. 
' 
Estimated modal analysis of rocks of the· Orangefall formation 











































































Sample No. Mu Bi Si Ga Cd Kf Pg Qz 
877 {2}, 20 70 
921 20 5 (40) 30 
951 10 1 10 80 
576 15 60 2 20 
91 15 20 60 
3. Jerusalem cordierite-sillimanite-garnet gne~ss formation 
Included here are all those rocks which contain sillimanite, garnet or 
cordierite in significant amounts (Table 3). The Jerusalem formation is the 
equivalent of the pelitic rocks or aluminous gneisses of Joubert (1971, p.147-
164; 1975, p.340) and the Arus Formation of Beukes (1973, pp. 147-164) which 
is also described as a metapelite. The term pelite in metamorphic petrology 
has been applied to rocks with a somewhat atypical pelitic composition (Leake 
1958, Chinner 1961). This is because a sedimentary origin for these rocks 
can only be inferred when the Al203 content is so high that any possible ig-
neous parentage can be discounted. Thus rocks with a typical pelitic compon-
ent of 20% Al203 (often described as metapelites) are not indubitably para-
gneisses. · From chemical analyses of the Arus Formation, it appears that a 
high (~30%) Al203 content requires the rock to contain more than 90% combined 
micas, sillimanite, cordierite and garnet (Beukes 1973, pp. 153 and 159 samples 
G.B.W. 98 and 302). This percentage is seldom realised in rocks belonging to 
the Jerusalem formation and, strictly speaking, the rocks of the formation may 
not, therefore, be referred to as metapelites. Most commonly the gneisses of 
this formation are fine grained and dark grey or. dull green in colour. They 
are poorly foliated and may give the impression of being an igneous rock. 
Along the Ham River irregular patches of pink or amber feldspar are present 
but usually these rocks are never strongly migmatised. Narrow horizons of 
these gneisses in the Austerlitz formation are sometimes very coarse grained 
with bladed sillimanite crystals 15 cm in length. The Jerusalem gneiss is 
not a very common formation in the Onseepkans sequence and it is normally 
encountered as thin horizons in the biotite gneisses or quartzo-feldspathic 
gneisses. The most extensive exposures occur on the farm Jerusalem. 
~ 
TABLE 3 
Estimated modal analysis of rocks of the Jerusalem formation 
Sample No. Mu Bi Si Cd Ga Kf Pg Qz 
757 {2} 15 8 l 10 60 
832A 30 20 4 15 30 
837A 20 5 5 3 2 5 60 
,; 
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Sample No. Mu Bi Si Cd Ga Kf Pg Qz 
838 { l} IO 4 4 5 5 70' 
914 5 10 10 8 60 
890 5 5 IO 5 5 70 
845 15 8 IO IO 5 50 
1992 10 IO 4 15 8 12 50 
2567 15 10 4 7 3 15 50 
·835 IO 4 2 30 3 50 
815 7 I5 60 
1427 20 5 3 3 70 
1403A 10 6 5 80 
1479 8 IO 50 30 
73A 15 30 I 2 JO 30 
1509 8 7 I 8 8 70 
1649 15 6 15 2 I 60 
1428 15 20 5 60 
36 15 15 IO 60 
13 ' {8} 15 7 4 70 
1004 5 4 5 10 50 
2011 10 5 3 40 2 90 
2202 (5) 1 10 50 l 30 
2205 7 5 4 5 30 50 
2020A 30 5 1 10 40 
2204 20 3 7 30 10 40 
56A l 4 2 15 40 50 
1460F 20 8 5 4 60 
1464 15 10 2 8 3 60 
376 2 IO 3 4 70 
4. Kcuribreek quartz-muscovite schist formation 
Although the schist of this formation are very similar in composition to 
the Jerusalem gneisses they are sufficiently distinctive in the field to 
warrant a separate description. They are composed of biotite (usually very 
pale), muscovite, sillimanite, quartz, cordierite, microcline and plagio-
clase (Table 4). This paragenesis imparts a very lustrous appearance to the 
rock. The schists occur as horizons a few hundred metres thick within the 
Austerlitz formation and are almost exclusively limited to the area south of 
the Pofadder Lineament. 
TABLE 4. 
Estimated modal analysis of rooks of the Kcmibreek formation 
j 







· 1172 20 
1176 3 






112 lA 10 
1128 5 












































































Metaquartzites are quite uncommon in the area as a whole. They are most-
ly found south of. the Pofadder Lineament (see map) and are one of two rock 
types (distinct from metamorphic parageneses) whose distribution appears to 
be controlled by displacement on this lineament. The thickest horizon en-
countered which was in the hinge zone of a fold was only 4 m in width. Very 
narrow bands of metaquartzite are also found in the Kambreek formation but it 
has not be.en possible to show all of them on the accompanying geological map. 
These metaquartzites are the rather insignificant representatives of a 
very thick succession found at Pella immediately south of the Orange River. 
The Pella metaquartzites have been correlated by. Coetzee (1941) with the 
i<aaien quartzites of the Upington area and Vajner's (1974) discovery of prob-
able Kaaien quartzites in the eastern Namaqua belt lends support to this 
correlation. · 
In the field the metaquartzites are grey or white in colour with some 
horizons showing a fine banding. Biotite, epidote, muscovite, chlorite and 
plagioclase have been identified in thin section in amounts of 1% or less. 
North of the Pofadder Lineament a single 1,5 m thick horizon persists for some 
· distance'along strike on the farms Orangefall and Keimasmond. On the farm 
Vaaldoorn some poorly exposed quartz-rich rocks may be quartzites of this 
formation. In hand specimen these rocks have a strong brown colpuration and 




6. Pelgrimsrust hornblende gneiss and schist formation 
Extensive outcrops of hornblende schists and gneisses of the Pelgrims-
rust formation occur west of Onseepkans. The deformation in this area is . 
particularly complex and it is difficult to determine whether several strati-
graph{c horizons are involved or merely one horizon duplicated by folding. 
These rocks are poorly represented in the.east which suggests that their 
true thickness may be comparatively small. 
The significant feature of all the rocks making up this formation is the 
presence of hornblende as a major· constituent. There is some variation in the 
. appearance of individual horizons but the most common rock type is a dark-grey 
hornblende gneiss. Some horizons consist essentially of biotite-hornblende , 
gneisses while in other cases hornblende appears as prominent euhedral crystals 
in a leucocratic gneiss. Horizons of chlorite and epidote schists are often 
encountered in this formation. The rocks of the Pelgrimsrust formation are 
essentially composed of hornblende, biotite, plagioclase and quartz with the 
addition of pyroxene, sphene, epidote and microcline (Table 5). 
TABLE 5. 
Estimated modal analysis of rocks of the Pelgrimsrust formation 
Sample No. Bi Hb Px Sn Ep Pg Kf Qz 
60 15 60 5 20 
74 3 40 50 10 
82 15 8 20 40 15 
86 20 3 70 10 
110 15 7 2 30 8 
123 60 2 30 8 
134 25 3 40 5 30 
156 (IO) 5 (60) 20 
251 20 10 50 5 20 
253 30 (60) 10 
166 10 10 (30) 15 8 
310 30 40 10 30 
353 30 (50) 15 
377 15 10 ·2 10 40 20 
1132B 2 30 
1133 (19) 20 3 (60) 7 
115 7 (15) 10 2 (50) 10 15 
1261 70 ,(30) 
1318 10 20 50 30 
1319 10 10 80 
1416 50 40 8 
1620 20 (50) 30 
1917 (15) 5 (7.0) 10 
1 7. 
The rocks of this formation are intercalated with quartzo-feldspathic, 
biotite and calc-silicate gneisses. Some horizons of hornblende gneiss are 
indistinguishable from amphibolites of the Jericho formation but because of 
the ambiguity involved, these have been included in the Pelgrimsrust forma-
tion on the geological map. 
There are no indications in the Onseepkans area as to the origin of these 
rocks. Farther to the west Beukes (1973, pp. 141 and 143) has found marbles 
associated with hornblende gneisses and suggested a metasedimentary origin for 
this sequence. A hornblende agroatite is found as a several hundred metre-
thick horizon north of the Pofadder Lineament and as narrower horizons else-
where in the Pelgrimsrust formation and is.composed of angular fragments of 
hornblende rich rock in a leucocratic gneiss (Plate 2). It is not certain 
how the agmatite formed but it probably results from the partial migroatisation 
of the Pelgrirosrust formation (Mehnert 1968, pp. 8-9) •. 
?. Keimas cale-silicate gneiss formation 
Narrow, usually discontinuous, bands of calc-silicate gneiss are found 
intercalated with the Austerlitz, Orangefall, and Pelgrirosrust formations. 
They are, however, virtually restricted to the western half of the area. They 
are usually light grey in colour but weathered surfaces are often black. They 
typically give rise to narrow resistant ridges in other formations, usually 
have a waxy lustre and produce a resonant sound when struck. Sometimes the. 
mafic cbnstituents are scattered through the rock but more ofteri they occur in 
thin layers giving the rock a finely banded appearance. ln the Orangefall 
biotite gneisses these rocks occur as lenses and boudins with a marked zoning. 
Under the microscope they are seen to be composed of ,clinopyroxene, 
hornblende, plagioclase and quartz with smaller amqunts of microcline, sphene, 
epidote, scapolite, tremolite and garnet (Table 6). Free carbonate is only 
found in 'trace amounts. 
TABLE 6. 
Estimated modal analysis of rocks of the Keimas formation 
Sample No. Aro Cp Sn Ga Pg Kf Qz 
83A 3 10 8 5 70 
I 70A 7 30 60 
l 71A 2 30 60 
127 lA IO 15 70 
1304 10 I 30 60 1 
1308 12 2 80 5 




Zoned calc- silicate boudin in biotite gneiss (Orangefall formation). 
Keimasmond Farm. 
Hornblende agmatite composed of angular hornblende- rich fragments 
in a leucocratic ro ck . Orangef all Farm. · 
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Sample No. Am Cp Sn Ga Pg Kf Qz 
1636 5 10 2 50 40 
1683A 15 4 60 15 
77A 20 15 40 20 
109 20 10 2 15 15 30 
1303 15 8 40 40 
1388 30 30 1 10 15 + Sc 
99A 5 20 2 10 20 40 
These rocks are described as granulites and calc-silicates in the Warm-
bad area (Beukes 1973, pp. 143-145), calcareous rocks in Namaqualand (Joubert 
1971, p .45) and calc-silicates in the Pofadder area (Joubert 197~b ) . Most 
authors have interpreted them as metasediments . The writer prefers to restrict 
the term granulite to granulite-grade metamorphic rocks in keeping with recent 
views on the subject (Mehnert et al. 1972; Winkler 1974). 
B. THE SYNTECTONIC GROUP 
1. Beenbreek megacrystic granite formation 
The Beenbreek megacrystic granite is the most widely distributed granitoid 
in the area. It is found associated with nearly all other formations, often in 
a very intricate manner. It is not found south of the Pofadder Lineament, 
however , and the equivalent of this gr anite in the Warmbad area (Beukes 1973 , 
pp.202-220) is likewise restricted to the northern block . In composition it 
falls in the granite f ield (Fig. 3) and the most conspicuous feature of its 
mineralogy is the presence of large (up to 20cm) microcline and plagioclase 
megacrysts (Plate 3). Present in the matrix are garnet, biotite, siliimanite 
and sometimes cordierite and muscovite, together with plagioclase, microcline 
and quartz (Table 7). 
TABLE 7. 
Estimated moda l analysis of rocks of the Beenbreek formation 
Sample No. Mu Bi Ga Si Cd Kf Pg Qz 
! JOA 20 2 50 6 30 
293 25 20 30 30 
296 15 40 15 30 
327 15 30 20 40 
368 15 3 5 5 40 40 
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Sample No. Mu Bi Ga Si Cd Kf Pg Qz 
451 { 1} 15 3 40 10 30 
829 15 10 3 30 10 30 
872 8 5 50 5 30 
906 { 1 } 20 5 30 40 
908 15 5 10 30 40 
920 20 15 40 30 
926 {2} 15 60 5 20 
957 30 15 40 20 
971 15 40 15 30 
2553 20 20 .20 40 
In the east, especially on the f arms Ondermatje and Jerusalem, the granite 
is intruded by aplite. The aplite i s white in colour and is compos ed of 
quartz, microcline, plagioclase and garnet, with very minor biotite. In some 
localities blocks of granite appear as xenoliths in the aplite (Plate 4). 
This aplitic material has not been f ound in the west of the area and none is 
reported in association with the equivalent of the Beenbreek granite in the 









Figure 3. Composition of the Beenbreek megaci;ystic granite plotted on 
a cl~ssification diagram taken from Streckeisen (1973). Field 
outlined represents the composition of the Eendorn granite in 
the Warmbad area (Beukes 1973, p.214). 
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In most cases contacts between the Beenbreek granite and other rock types 
are sharp but no chil l ed margins have been seen. Clear i n trusive relation-
ships exist with rocks of the Austerlitz, Jerusalem, Stolzenfels and Kum Kum 
formati ons, and all but the first a re found as xenoliths in the granite (Pl ate 
5) . Howeve r, in cases where the contacts are not sh arp, megacrysts of f e ld-
s par can be seen forming in the adjacent country rock (Plate 6). Contacts of 
this nature provide evidence f or a geneti c relationship between the Beenbreek 
megacrystic granite and the widesp,read blastesis in the_ Onseepkans sequence. 
Invariably the megacrystic granite has been foliated to some degr ee and is 
now represented by an augen gneiss . In some cases , it grades Jcompletely i nto 
garnet- biotite gneiss as a result of t his deformation and no a ccurate contac t 
with other rock types can be mapped . This .problem is not significant when the 
area i s taken as a whole since the Or angefall biotite gneiss formation can 
usual l y be distinguished by its vari able composition and the pres ence of calc-
silicate boudins. Where the granite contains aplite, deformation has produced 
an augen gneiss intercalated with gar netiferous-quartzo-feldspath ic gneisses 
that some times appear very similar to rocks of the Austerlitz formation. 
One outcrop of megacrystic grani te close to the Udabis River on the farm 
Naros was found to contain 5% orthopy roxene . Field relations make it unclear 
whethe r the rock belongs to the Beenbreek formation or whether it forms part 
of the Naros granitoid. This rock can be c lassified as a charnockite but ap art 
from t he presence of hypersthene it is identical to the Beenbreek megacrys tic 
granite. 
Charnockites have been reported from t he area northwest of Upington by 
Geringe r (1973) but the present data are insufficient to suggest a correla-
tion since it is possible, for examp l e, tha t the hypersthene is a refractory 
phase resulting from assimilation of high-grade gneisses. 
The Beenbreek megacrystic grani t e can unquestionably be correlated with the 
Eendorn granite i.n the Warmbad area (Beukes 1973, pp.202-220) and the Backrivier 
granite northwest of the Upington area (Geringer 1973., pp.98-107). It has many 
similarities with the Tsirub gneiss of the Aus area (Jackson 1976) as well as 
the Nababeep gneiss· and the porphyroblastic granite gneiss described in Nama-
qualand and Bushmanland (Jouber t 1971, pp. 16-18 and 51-53; 1974b, p.340). Both 
t he latter formations a re reported to contain leptites or leuco cra tic bands 
which may be the local equivalent of the deformed aplites seen in the Beenbreek 
granite. Joubert (1971, p.51) noted tha t the porphyroblastic granite gneiss 
has definite intrusive relationsh ips with the paragneisses and believes the 
intrusion is a northerly representative of the Nababeep gneiss (op. cit. p. 14). 
2. Grass River auge~ gneis s formati on 
There are a variety of microcline-p lagioclase augen gneisses in the area 
and these may be categorised under fo ur main headings 
(i) augen gneisses resulting from the penetrative deformation of 
the Beenbreek megacrystic gr anite. 





Beenbreek megacrystic granite. Beenb reek Farm. 
of Beenbreek megncrys t ic granite surroUJ.1ded by 
aplite. Ondermatje Fa rm. 
game ti-
Plate 5 . Xenoliths of mafic granolite (Kum Kum formation) and garnet-
sillimanite gneiss (Jerusalem Formation) in Beenbreek megacrystic 
Plate 6. 
granite Keimas Farm. 
Contact between Beenbreek megacrystic granite and biotite gneiss 
(Orangefall formation) showing the development of porphyroblasts 
in the gneiss . Khaais Farm. 
(ii) 
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augen gneisses possibly resulting from the deformation of 
other, unrecognised , megacrystic granites. 
augen gneisses resulting from blastesis . (iii) 
(iv) augen gneisses resulting from the deformation of rocks in linear 
high strain belts (shear zones). 
The last category is fairly simple to recognise and will be discussed 
i~ a later section. ' The decision as to which rocks of the former three cate-
gories make up the most of the Gras s River formation remains one of the most 
intransigent problems encountered. 
Blastesis is known to have affected the Onseepkans sequence since por-
phyroblasts can be seen in country r ocks adjacent to the contact with mega-
crystic granite (Plate 6) . The fact that augen can be seen in a wide variety 
of rock types including hornblende , biotite and quartzo-feldspathic gneisses 
(Plate 7 and Beukes 19 73, Fig . 56) i s characteristic of blastites and mitigates 
against an origin through deformation of a megacrystic intrusive. The Grass ,. 
River formation on the farms Ondermatje and parts of Duurdrift Sud is thought 
to have been derived by blastesis. 
Augen gneisses derived from the Beenbreek granite can usually be recog-
nised by the I>_.re sence of intrusive contacts, non- foliated areas, xenoliths 
and aplite material . These augen gneisses are therefore included with the 
Beenbreek granite on the map . Where there has been any doubt the rocks have 
been placed in the Grass River formation and the augen gneisses of the lower 
Ham River and around Onseepkans possibly belong to this category. 
Augen gneiss on the farm Khaais has a marked igneous appearance 
it . displays a uniform composition and has no penetrative foliation . 
east of this farm the augen gneiss contains inclusions of Beenbreek 




Farther to the west, on the farms Velloorsdrift and Keimasmond, the rocks 
of the Grass River formation have been strongly refoliated and the augen now 
define fold axial planes. The augen formed during this second cycle of 
deformation are smaller and it was i mpossible to determine whether they were 
derived from megacrystic granite or b lastites . 
TABLE 8• 
Estimated modal analysis of rocks of the Grass River formation 
Sample No . Mu Bi Ga . Si Rb Kf Pg Qz 
371 ' 20 5 10 30 30 
426 20 30 40 
841 { 1} 30 60 4 20 
'-- 932 15 2 30 10 40 
936 10 60 5 20 
·, 
Plate 7. Feldspar porphyroblasts in marginal amphibolitised zones of the 
Stolzenfels norite and enderbite formation . Keimasmond Farm. 
Plate 8. Naros granitoid with mafic inclusions . Ondermatje Farm. 
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Sample No. Mu Bi Ga Si Hb Kf Pg Qz 
942 20 30 30 20 
960 15 6 40 10 30 
999 20 30 15 30 
1484 15 5 20 6 
1751 20 20 60 
2071 20 40 10 30 
. 2217 15 50 30 20 
551 10 30 60 
973 20 8 20 20 30 
Beukes (19 73, pp . 135- 139 described porphyroblastic biotite gneisses in 
the Warmbad area which are probably t he equivalent of the Grass River forma-
tion. However, in at least one local ity at the western boundary of the study 
area the porphyroblastic biotite gne i ss was seen to represent deformed Been-
breek megacrystic granite . Joubert ( 19 71, pp . 47-49) states that the porphyro- 1 
blastic gneisses mapped i n Namaqualand are usually isotropic and in places 
intrude paragne i sses . 
3. Naros granitoid formation 
A large granitoid intrusion straddles the Orange River approxi mately at 
its confluence with the Ham River. The granitoid has an hypidiomorphic 
granular texture and its essential constituents are hornblende , biotite, plagio-
clase, quartz and microcline. It var ies in composition between granite and 
quartz- syenite (Streckeisen 19 73) a s. can be seen from 4 samples plotted in 
Fig . 4. The fresh r ock has a dark- gr ey colour and weathers a dull- brown colour , 
it typically produces a topography of low conical hil l s and loose rounded 
boulders . 
The Naros formation contains an abundance of non- f oliat ed mafi c inclu-
sions (Plate 8) and sometimes small l eucocratic inclusions. The mafi c inclu-
sions are commonly ellipsoidal or cigar- shaped . The main intrusion is 
surrounded by a wide zone in which smaller stocks and sills of granite are 
intimately asso ciated with the rocks of other formations . Th i s zone is shown 
on the accompanying map as the Naros complex. Unequivocal intrusive relation-
sh ips exist with respect to deformed Beenbreek granite and the Austerlitz 
formation (Plate 9) . 
A weak fol i at i on can be seen at many localities and cer tain marginal 
zones are -strongly foliated wi th the mafi c inc lusions drawn out and flattened 
(Plate 10) . The development of the f oliation is associated with the main 
period of migmatisation and is axial planar on folds defined by neosome bands . 
Plate 9 . 
Plate 10 . 
Xenoliths of foliated Beenbreek megacrystic granite in Naros 
granitoid . Ondermatje Farm. 
Foliated Naros granitoid with flattened mafic inclus ions . 
Beenb reek Farm. 
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Figure 4. Composition of the Naros granitoid plotted on a classification 
diagram taken from Streckeisen ( 1973). 
4. Nautsis alkali-feldspar granite formation 
An igneous origin for this rock of granitic appearance can only be tenta-
tively suggested since no intrusive contacts have been found and it contains no 
xenoliths. In many respects it resembles the quartzo-feldspathic gneisses but 
t he complete lack of lithological variation and the absence of a fabric in the 
main body is not typical of the Austerlitz formation and on this basis it is 
classified as an 'igneous-looking' rock. 
The granite forms the mountain Rooiberg on the farm Nautsis. Both weather-
ed and fresh specimens are pink in colour and generally massive. A sill of 
this granite extends to the northeast where it now forms macroscopic fold cores .• 
In this locality, and in some marginal areas, the rock is foliated and weakly 
migmatised. 
Three specimens are plotted on a c lassification diagram in Fig. 5 and all 
fall in the alkali-feldspar granite fi e ld (Streckeisen 1973). 
24 
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Figure 5. Composition of the Nauts is alkali-feldspar granite plotted on a 
classification diagram taken from Streckeisen (1973). 
The rock has a hypidiomorphic granular texture. The plagioclase (An30) 
is subhedral or anhedral and the K-fe l dspar consists of microcline-microper-
thite, mainly flame and ribbon variet i es. · Biotite ( <5%) · is largely altered 
I f 
to penninite and quartz shows weak str ain extinction. There is no evidence of 
blastesis and no pegmatite is present . Two narrow amphibolite bands were found 
at one locality. The mineralogy of t he granite is very uniform and the presence 
of microcline-microperthite is unusual only being encountered in significant 
amounts outside the granite in myloni t es. These features also sugges t that 
the Nautsis granite is not part of the Austerlitz quartzo-feldspathic gneiss 
formation. 
5. Stolz~nfels norite and enderbite formation 
Four large and several small bas i c bodies are present in the area varying 
in composition from norite to enderbi t e. These bodies usually form rugged 
isolated hills and are easily recognis ed by their black weathered surfaces. 
They are composed of augite, hypersthene and plagioclase with the addition of 
biotite and quartz. Hornblende coI!llllonly occurs as an alteration 1product 
25 
(Table 9) but in some thin sections was also seen as a primary mineral. 
TAB LE 9. 

















































































































































































The mineralogy and appearance of these rocks shows that they are maf ic 
representatives of the chaniockitic rock suite (see Chapter III) and they are 
important indicators of the metamorphic development of the mobile belt. The 
mafic bodies are generally structureless except for the sporadic appearance 
of a foliation. They are found in contact with rocks of the Orangefall, Aus-





foliated, completely destroyi~g the original relationship with the country 
rock . Noritoids or rocks with an equivalent composition are found throughout 
the Namaqua belt. In the Nuwerus area they are descri bed as norites by Brink 
(I950) , in Namaqualand as basic intrusives and pyroxene granulites (Joubert 
I971) around Keimoes as basalts and norites (Poldervaart and v'on Backstrom v 
I949) and in the Warmbad area as varieties of gabb ro (Beukes I973). The wid~ 
r ange of terms applied to t hese rocks reflects the problem i n finding an origin 
or them, a difficulty that was also encountered in the present area . 
6. Kum Kum mafic granolite formation 
This format i on is restricted to t he farm Kum Kum in the extreme west of 
the area. In hand specimen the r ock i s melanocratic and practically identical 
to some versiorts of the Stolzenfels norites . A crude foliation and a banding 
defined by thin feldspathic seams are present in t he rock and this is the main , 
criterion for dis t inguishing these maf ic granolites from the norites. 
In thin section the rock is seen to have essentially the same wineralo gy 
as the norites (Table IO) i.e . ortho- and clinopyroxenes , hornblende , biotite, 
plagioclase and quartz . The f oliation detectable in hand specimen is produced 
by the alignment of bio tite or plagio cl ase or by the elongation of plagioclase 
aggregates . 
TABLE I 0 . 
Estimated modal '• analysis of rocks of the Kum Kum formation 
Sample No . Bi Cp Op Rb Pg Qz 
'-
38 2 6 6 70 8 
40 I ' 8 20 70 2 
I460A 5 6 { IO} 80 3 
I477A I 30 {IO} 60 6 
1478 8 5 I5 60 8 
The mafic granol i tes are i ntercal ated with rocks of the Jerusal em and 
Austerlitz formations whereas the contact with the Stolzenfe ls nori te is en t ire-
ly gradational . In t he Warmbad area ro cks . of t his formation have been inc l uded 
with the gabbros (Beuke s I9 73 , pp . 268- 252) and simila r ro cks i n Namaqua l and are 
described as pyroxene gr anulites by Joubert (I9 7 I , pp . 38- 42) . 
7. Jericho amphibolite formation 
Fai rly narrow bands o f hornblende gne i ss are ve r y common i n some a r eas . 
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They are referred to here as amphibolites in order t o di st i nguish them f rom 
the th i cker and more var iable sequence of hornblende- bearing rocks f orming the 
Pelgrimsrust f ormation . There is al s o a gr adat ion be tween con tinuous narr ow 
bands of J ericho amphibolites and lar ger bodies of hornblende- bearing r ocks 
tha t have resulted from the retro grade metamorphism of the norites . The 
amphibol i tes are composed of hornblende and plagi oclase with biotite, epidote , 
ch lor i te, perovskite, cl i no- and orthopyroxene (Table 11). They normally have 
a dark- grey colour and most of them have a characteris tic ' peppe r - and- salt' 
appe ar ance . Contacts with other rock types are sharp and the amph ibolites are 
us ua l l y conformable wi th the f ol i ation in t he s urrounding gne i sses . On t he 
farm Stolzenfels some amphibolites cr osscut t he f ol i ation and intersect other 
amph ibolite bands i n the manner of a dyke and sill complex. Thei r minera logy 
has much in common with the St o lzenfe l s nori tes and they probably share a 
common origi n . 
TABLE 11. 
Estimated modal anal ysis of rocks of t he Jericho formation 
Sample No. Hb Cp Op Bi Ch Ga Po Pg Qz 
272 {20} 20 40 IS 
17A {SO} 2 so 3 
1922 {20} 70 l S 
194 1 {40} s so I 
176 IA {2S} 3 8 20 so 
{30 } 
\ \. 
1822 6 so 10 
630 lS lS 40 lS 
6S3 {20} (SO) 10 
661B 20 lS s so s 
784 {40 } {20 } 30 10 
837A {40 } s so s 
919A {8} s (70) 17 
106SA {60 } 8 . (30 ) 
10 7S 10 30 (40) lS 
2S68 {30} 10 s so 2 
S77A {30} lS 40 10 
2341 {60 } 30 10 
2402 {40 } 30 40 
2S44 {JO} 30 
23S4 {60 } 10 30 
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CHAPTER III 
MET AMO.RP I-I ISM 
It is beyond doubt that the gneis s sequence under discussion has been 
subjected to high and even very high grades of metamorphism. It has also been 
established (c.f. Table 12) that the metamo rphic development of the area . has 
been complex. In these circumstances it is essential to establish which 
criteria may be used with confidence in unravelling the metamorphic history 
of a 4000 km2 area in which there is no continuity of outcrop. 
A review of the literature shows that several approaches to this problem 
have been used with little unanimity on basic assumptions. Detailed studies 
of very small areas have usefully emp loyed t he well established relationship 
between a metamorphic paragenesis and a structural feature such as foliation 
o.r lineation. · Many authors have extended this technique to large r areas with 
varying degrees of success (Rast 1963 , Joubert 1971, Hopgood and Bowes 
19 72). It is some times assumed for example that a foliation defined .by a 
certain mineral paragenesis in one area is the equivalent of another foliation 
defined by a similar paragenesis in another area. Alternatively some authors 
have accepted that . a penetrative axial plane foliation may be correlated 
between separate areas and that any change in mineral parageneses accompanying 
this foliation reflects changing metamorphic conditions (Skinner et al. 1969, 
Brown et al. 1969, Pearson 1972). 
Using a fabric/mineral paragenes i s as a 'datum' over large areas has 
disadvantages. It is generally accep ted that regional metamorphism results from 
unusually high thermal activity in the crust and many authors such as Zwart 
(1960) in the Pyrennees and James (19 55) in Wisconsin have shown that the 
extent of these 'thermal domes' may be relatively small c~10 km) giving rise 
to rapid changes in metamorphic grade over short distances. From studies in 
the Alps, Chadwick (1968) has shown t h at a deformational event may migrate 
through the lithosphere leaving structures imprinted with a paragenesis in one 
locality while equivalent structures i n othe.r localities have no such associ-
ated paragenesis. Also the 'datum method' offers no solution to the problem 
of distinguishing identical parageneses produced by different metamorphic 
events widely separated in time. 
The acceptance of uniform structural regimes extending over large areas 
is particularly questionable. Strain is now known to be far more heterogeneous 
than was previously supposed (c.f. Chapters IV-VI) and it is unlikely that 
deformational features will be distributed uniformly through large volumes 
of the crust. 
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Assumptions about metamorphic and structural correlation methods can only 
be validly applied in areas of low me t amorphic grade. In these cases struc-
tural data are often unambiguous and enable primary layering and f oliation to 
be distinguished with relative ease. Mineral parageneses are unequivocal 
since sha llow cr ustal levels are typi cally involved. In areas of higher meta-
morph ic grade recrystallisation is pronounced and distinctions between primary 
and metamorphic layering are l ost. At these deepe r crus tal l evels melting and 
dehydrat i on take place and t he fl uctua t i on , by even mino r amounts , in the 
availabi li ty of water may pro f oundly affect these pro cesses (Winkle r 1974, 
p . 294) . Th i s will also influence the rheol ogi cal properties of the rock and 
structural pa tterns wil l vary sympathetically (Wat son 1973 ) . Structural/ 
metamorphic regimes wil l not only change conside rab ly wi th i ncreasing meta-
mor phi c grade (Holland and Lambert 1969) but it appears likely t hat t he ir 
extent and homogeneity will be reduced as metamorphic grades rise. 
The above examples illustrate t hat the extrapolation of assump tions used 
in detailed studies to larger areas i s not simply a matter of changi ng scale 
but raises fundamental questions about the nature of metamorphism since t he 
areas involved are several times large r than the depth of the continental 
crust. 
Some metamorphic petrologists as s ume that metamorphic mineral parageneses 
represent the highest grade of metamor phism achieved in the rock concerned 
(Winkler op. cit. ·p. 17, Thompson 1957 ) . The natural corollaries of t his ass ump-
tion are that: 
(i) all regional metamorphism (except shear zones) is prograde 
(Winkler op. cit. p. 17). 
(ii) co-existing metamorphic minerals are stable equilibrium 
assemblages (Winkler op. ci t ., pp.27-29). 
As an approach to field interpre t ation these assumptions have enjoyed 
little support. Rast (1965) mentions several regionally metamorphosed areas 
in Scotland which contain polymetamorphic assemblages (Fig. 6), and Craw-
f ord and Oliver (1969) presented an extensive review of areas where an init i a l 
high grade metamorphic event was f ollowed by one of lower grade - apparently 
a common sequence in t h e Precambrian crust. 
Severa l authors, notably Fyfe (1 960) and McKenzie (1965) have criticis ed 
the acceptance of textural cr iteria f or indica ting stable equilibrium mine r al 
par ageneses. Yoder (1952) states that there is no known way of distingui shing 
be t ween s table and metastab le equilib r ium conditions. Both Chinne r (1961) 
and Reinhardt (1968) cite examples whe re, on textural grounds, stable equi li-
brium parageneses are indicated but i n each case one of the minerals involved 
i~ known to be a metastable relict phase from a previous metamorphic event. 
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Figure 6. Suggested curves of metamorphic history. (a) theoretical accord-
ing to Winkler (1974). (b) central Highlands of Scotland. (c) 
North West Highlands of Scotland. (d) Buchan Dalradians Scotland. 
Modified after Rast (1965). ' 
A. APPROACH AND OUTLINE OF METAMORPHIC EVOLUTION 
Bearing in mind the limitations of many of the above techniques which 
are unsuitable for the interpretation of large crustal blocks it was decided 
to adopt the approach used by Wynne-Edwards (1969) in the mapping of a seg- -
ment of the Grenville Province in Canada. He emphasised the use of intrusions 
to distinguish between the metamorphi c events and formations preceding them 
and the , metamorphic events that subs equently affected them. On this basis 
he was able to divide the complex into pre-tectonic, syn-tectonic and post-
tectonic categories characterised by r ock formations and metamorphic events. 
Although this approach will not overcome all problems, the writer believes 
that no other method will so successfully reduce the inconsistencies and sub-
jective interpretations that are inher ent in other approaches at this scale 
of examination. 
The writer is fortunate in having within the area of investigations two 
extensive bodies of clearly intrusive rocks, namely the Beenbreek and Naros 
granites. Since one of these intrusions . (Beenbreek) predates the other, it 
is proposed that a broad outline of t he igneous and metamorphic evolution of 
the Complex can be established by examining the metamorphic grade of the in-
truded rocks (especially the xenoliths ) and the effects of metamorphism on 
the younger granite. In using this approach the author applied the following 
constraints: 
(i) Only xenoliths from undeformed granite were examined. This 
rcdu l:l t:he possibility that l ate r metamorphism has affected 
th 1nin ·rul us1:1emblages. 
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(ii) Xenoliths were not taken from the central part of these 
bodies. This eliminates the possibility of exotic material 
confus ing t he interpretation. 
(iii) Xenoliths in contact zones must be clearly derived from 
the country rock in t hat locality. 
If these conditions are fulfilled it can be accepted that rocks of forma-
tions found as xenoliths were in existence be fore t he granite and that the 
mineral parageneses they contain i ndicate the met amo r phic conditions preva i l -
i ng prior to the intrusion. This approach relies on the correct correlation 
of i gneous rocks in different parts of t~e area , which is t hought to be an 
e asier task than the spurious identification and correlation of individual 
foliat ion surfa ces. 
The use of this approach reve a led a sequence of events outlined in 
Table 12. 
· . TABLE 12. 
Igneous a:nd metamorphic evolution in the Onseepka:ns area 
Igneous Rock Relationship Observed Metamorphism Event 
Foliation and migmatisation 
M3 (late) of Naros granitoid 
Naros ; ' Vellorian 
granitoid (post-Beenbreek) 
Intruded into foliated Been- - -
breek megacrystic granite .. 







a) garnet-sillimani t e gneiss 
(Jerus a lem forma t ion) 
b) mafic granoli t es _ 
M1 
Kumian 
(Kum Kum format i on) (pre-Beenbreek) 




intruded into quar tzo-
feldspathic gneiss? M? I 
(Austerlitz formation) 
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Since areas of low strain pres erving undef ormed marginal zones of syn-
tectonic granites are not common t he col l ection of xenoliths that satisfy the 
above constraints is difficult. Therefore, for the vast majority of the 
area (i.e. non-xenolith environment s), it is not possible to describe the 
rocks as being composed of pre- and post-Beenbreek assembl ages. It will be 
assumed , t herefore, that par agene s es over t he area as a whole result from t he 
combined e f fects of t he diffe r ent events. In s ome instances t hese 'compound' 
parageneses may be f urther eva l uated but the gene r a l abs ence of more than 
one f abr i c in any rock and the paucity of s i gnifican t mi ne r a l relat ionsh i ps 
des cribed from other areas (Zwart 19 60 , J ohns on 196 3) normally make this 
impos sib l e . 
The f ol lowing dis cus s ion on me t amorphi sm i s hinde r ed by t he l ack of 
quantita tive data. No whole rock chemical an alyses are available from the 
study area and only in one instance was a mi ne r a l composition identi f ied. 
However , t h is t hesis represents a fi e ld oriented study an d such investi ga-
tions lie outside the frame of reference. The reader must therefore judge the 
validity of the conclusions with these limitations in mind. 
B. PRE-NORITE METAMORPHIC EVENT 
One exposure was found on the f arm Eendorn where norite app arently 
intruded quartzo-feldspathic gneisses of the Austerlitz formation. The folia-
t ion in t he gneiss appeared to termi nate against the norite but no bandi ng or 
layering was crosscut. This relationship is not convincing engough to pro-
pose a pre-norite metamorphic event since it is open to other interpretations 
(c.f. Chapter IV). Joubert (1971, p .61), found similar equivocal contacts in 
Namaqualand although Clifford et al. (1975) cite reliable evidence for the 
intrusion of similar noritoids into metamorphic rocks in the O'okiep area. I n 
the Onseepkans area it is therefore proposed that the development of the com-
plex commenced with norites and the associated regional metamorphic event. 
C. PRE-BEENBREEK METAMORPHIC EVENT (KUMIAN) 
Of the several rock types found as xenol iths in the Beenbreek granite 
t he most significant are t he Stolzenfels· norites and the Kum Kum mafic grano-
lites. Four major mafic bodies of t he Stolzenf els group are present in the 
a rea and, for convenience, these are numbered SI to SIV. Body SI occurs on 
t he f ar ms Kum Kum and Eendorn, SII on Keimasmond and Orangefall, SIII on 
Onderma tjie and Jerusalem and SIV on Stolzenfels and Jericho. Many smaller 
bodies are present, especially on the farms Vaaldoorn and Beenbreek. There is 
conclusive field evidence that SI, SI I and minor norites on the farm Beenbreek 
predate the Beenbreek granite. SI is associated with a mineralogically indis-
tinguishable . rock, the Kum Kµm mafic granolite, which also occurs as xenoliths 
in t he Beenbreek granite. The only ot her rocks found as xenoliths in the 
granite are gneisses belonging to the Jerusalem formation. 
,, 
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1. Sto l zenfe l s norite 
Rocks of this formation were described i n section IIB5. Most thin 
sections of t hese rocks show two pyroxenes. The orthopyroxene is hypers-
thene often weakly pleochroic from pale green to pale pink. Schiller 
s t ructure, def i ned by t h in plate- l i ke inclus ions of opaque miner als in the 
cleavage is common. The crystal habit varies widely from subhedral grains 
less than 1 mm in size to lar ge , very irregul ar and some times f i shnet 
cr ystals. I n one t h in section t he hypersthene was i n optical cont inuity . 
The clinopyroxene is augite. Weak pleochroism is s ome t i mes pr esent and 
t he crystal habit has a variation similar · to hypersthene. Twinning is rare 
and undul ose extinction was seen in two thin s e ctions from SI. Both clino-
and orthopyroxene appear to be stably 'co-existing phases and are not derived 
from any prograde metamorphic reactions. A typical ophitic texture was 
seen in one thin section (DT1512). 
Plagioclase varies between andesine and labradorite.. Albite and peri-
cline t wins ar e invariably present . Only a few crystals are anti-perthitic. 
A weak al i gnment of plagioclase crystals can sometimes be seen, and this may 
be accompanied by deformed twin lamellae. Very little microcline was ident-
if ied. 
Hornblende with a dark- brown colour apparent ly co-exis t s st ably wi th 
pyroxene in two t h in sections. The colour appe ars to be characte rist i c of 
t he temperat ure of formation (Miyashiro 197·3, pp. 254-25 7). Brown hornblende 
fo r ms at high t emperatures, green hornb l ende a t intermedia te t emperatures 
(amphibolite facies) and blue-green hornblende at low temperatures. A green 
hornblende is found as reaction rims around pyroxene in many t h in sections. 
Biotite and quartz are common accessory mtnerals. Over 20% quartz occurs in 
some samples of SIII. 
Igneous rocks containing hypersthene are now widely recognised as belong-
ing to t he charnockitic rock group (Howie, 1964, Tobi 197 1). They character is-
tically occur in Precambrian terrains , possess a distinctive dark-grey, greasy 
appearance (Howie 1967, Oliver and Schultz 19 68) and are usually associated 
with high- grade metamorphic rocks. The compositions of the Stolzenfels norites 
are plotted in Fig. 7 taken ~ram Tobi (op. cit.) and modified in discussion 
with Torske ( 1972). This diagram conf orms closely with the Streckeisen classi-
f ication for normal igneous rocks. The majority of specimens plot as norites 
with the exception of some samples from SIII which extend into the enderbite 
field. 
One hand specimen from the Stolzenfels norite (SI) and one from the farm 
Vaaldoorn were found to be olivine gabbro but no actual contacts with the 
norite s wer e found. They are black, coarse-grained, and composed of olivine, 
clino-and orthopyroxene ·, plagioc l ase and biotite. The sample from Vaaldoorn 
had an ophitic texture. The sample from SI displayed well developed coronas 
around olivine crystals in contact wi t h plagioclase. The coronas are composed 
of an inner core of olivine surrounded by a rim of orthopyroxene and encl.osed 
by a symplec t ic intergrowth of clinopyroxene and green spinel (Plate II). 
Plate 11. Photomicrograph of olivine gabbro from SI norite body. Reaction 
rims around olivine are composed of an inner rim of orthopyroxene 
and an outer rim of clinopyroxene and green spinel . Keimas Farm. 
Plate 12a. Photomicrograph of Jerusalem gneiss showing cordierite reaction 
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Figure 7. Composition of the Stolzenfels norites and enderbites 'plotted 
on a classification diagram taken from Tobi (1971, 1972). 
Whitney and McLelland (1975) have des cribed identical coronas in olivine gabbros 
from the southern Adirondaks and they ascribe this phenomenon to prograde meta-
morphism (i.e. ol +pg~ cp +op + sp) in otherwise typical igneous rocks with 
ophitic textures. 
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2. Kwn Kwn mafia granolite 
This formation of granulite- grade metamorphic rocks is restricted to the 
extreme west of the area on t he farm Kum Kum. They are gr easy looking dark-
grey fine-grained rocks that are virtually identical in hand specimen to rocks · 
from the norite . They are di stinguished by a granoblastic elongate texture 
or sometimes a crude banding defined by feldspathic aggregates . Mineralogi-
cally they are identical to the norites (Table 10) and typical parageneses are: -
plagioclase - orthopyroxene biotite - quartz±hornblende 
pfogiocfose orthopyroxene - cUnopyroxene - bioti.te - quartz±hornblende · 
They are shown in an ACF diagram in Fi g .· 8.
1 
The t erm granoli t e is preferred 
for thes e hypers t hene-bearing rocks rat he r than gr anul ite , following a pro-
posal by Winkle r (1974, p.247). Previous attempts to reach international 
agreement on the definition of the term granulite proved unsatisfactory (Behr 
et al. 1971, Mehnert 1972) and the te rm is used here for a high grade of meta-
morphism of which grano li tes are the di agnostic rock type. 
excess Si02 





Figure 8. ACF diagram for rocks of t he Kum Kum formation showing Kumian 
parageneses. 
Under the micros cope t he granoli t e foliation can be related to the vague 
alignment of biotite and plagioclase cr ystals whi ch are often characterised by 
deformation twins . Occasionally it i s defined by the e longation of plagioclase 
aggregates. The two pyroxenes commonl y· show no sign of retrogression indica-
ting that the fabri c was impressed upon the rock under P- T conditions suitable 
f or the stable co-existence of t hese minerals. Since t he foliation direction 
is shared by the intercalated Jerusalem gneisses it is unlikely that it 
originated as a primary magmati c feature. 
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Interpr etation 
The ori gin of. charnockit ic rocks i s open to question. Some authors have 
maintained that they are i gneous (Subramaniam 1956 , Philpotts 1966) while 
others have suggested t he ir origin may be solel y metamorphic (Cooray 1969). 
Sen and Ray (1 '9 7 1) and De \..Jaard (1 969, 19 73 ) propo sed an ig~eous origin modi-
fied by granul ite gr ade metamorphism. 
· At Onseepkans the association of olivine gabbro and norite and the presence 
of ophitic textures strongly support t he hypothes i s t hat these rocks were 
originally igneous . However, the exi stence of mafic granol ites grading into 
t he norites and identical in every respect 'to the norite excep t for a tectonic 
fabr ic points to a granulite-grade event t ak ing place either contemporaneously 
with or following the intrusion . -
From studies on me tab asic r ocks i n the Adirondack Mountains, De Waard 
(1964, 1965a) has suggested that t he limiting reactions for the granolite assem-
blage cp - op - pg - qz are: 
op + cp + pg + hb + qz (amphibolite fa cies) 
op + pg ~ cp + al + qz (high-pressure granulite facies) 
The absence of almandine and primary hornblende (i.~ . an hydrated phQse ) 
would confine these mafic granolites to a low or intermediate pressure sub-
zone (De Waard 1965b) of granulite-grade metamorphism. 
The reaction ol + pg ~ cp + op i mplied by the coronas within the olivine 
gabbro sample from SI and investigated experimentally by Green and Ringwood 
(1 96 7, p. 8 18) has been cited as marking the transition from low to inter-
.mediate pressure granulite grade . The ' same au t ho.rs have also related the 
paragenesis op+ cp · + pg+ qz to an intermediate-pressure granulite subzone. 
3. Jerusalem cordierite-si Uimanite- garnet gneiss formation 
Gneisses of this forma tion are found as xenoliths in the Beenbreek granite 
a t the junction of the farms Kum Kum and Keimas. They are also intercalated 
with the mafic granolites on Kum Kum where they share a very similar dark-
grey colour and greasy appearance . Typical parageneses are: 
quartz + siUimanite + garnet + cordi.erite + biotite ± microcline 
± plagioclase 
quartz + sillimanite + garnet + biotite ± microcline ± plagioclase 
They are illustrated in t he AFM diagram in Fig. 9 . 
Following the observations of Wynne-Edwards and Hay (1963) it is now well 
established from field and experimental data that the pair cordierite-alman-
dine is virtually restricted to h igh- grade me tamo rphic rocks. The· co-existence 
of these minerals is controlled by several . possible reactions which are influ-
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enced by the MgO + FeO / Al203 and MgO / (MgO + FeO) ratios of the rock, and the 
Ca and Mn content of the garnets . However , one point that has emerged from 
the studies of Hensen and Green (1971, 1972, 1973) and Currie (1971, 1974) 
is that the field of co-existence is strongly pressure-dependent . 
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Figure 9 . AFM diagrams for rocks of the Jerusalem fo r mation showing 
Kumian parageneses. Modified after Reinhardt ( 1968) . 
Under the microscope typical minerals include coarse-grained sillimanite 
(up to I mm in diameter) large, sometimes poikilitic garnets (up to 2 mm) , 
fox- red biotite, pinitised xenoblas tic cordierite and non- perthitic plagio-
clase and mi crocl ine . The origin of cordierite in these rocks is an interest- . 
ing problem since the mineral appears to be derived from the reaction of 
several other phases. According to Reinhardt (1968) the assemblage al + cd 
+ bi + si is unstable and a reactio'n between some of these constituents is to 
be expected. In almost all thin s ections of Jerusalem gneiss the cordierite 
appears in very minor amounts and i nvariably form incomplete reaction rims 
around the garnet. The only cordierite-forming reactions involving garnet 
are t he divariant reactions; 
al+ s-i + qz:; cd (Hensen and Green 1971 , p .325) 
al+ k f + H20 t cd +bi (Curr i e 1971, p.218) 
Although mi crocline is sometimes present it is rarely seen in contact 
with cordierite and therefore t he f irst of the above reactions wo uld appea r 
more applicable . Plate 12a illustr ate.s . a typical paragenesis involving cord-
ierite. In addition to garnet, co r dierite encloses biotite, ore, quartz 
and sil~imanite. Sometimes small grains of cordierite are found without a 
garnet core (Plate 12b) and since no other phases excep t biotite, quartz and 
sillimanite are present, the absence of garnet may be due to the reaction 
al + si + qz t cd having gone to completion. Coronas of garnet on cordierite 
are best explained by referring to t he diagrams of Currie (1971, p.224) and 
Hensen and Green (1971, p .329), reproduced in Fig . JO . It can be seen from 
these diagrams that increasing pres sure changes a cordierite-bearing paragene-
sis to cordierite + alroandine and eventually to an almandine-bearing assem-
.. / .,, . , . , 
-·· _ _,,, , 
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Plate 12b . Photomicrograph of Jerusalem gneiss showing cordierite enclosing 
biotite, sillimanite and quartz . X40 . Kum Kum Farm. 
Plate l Ja. Deforma tion of Beenbreek megacrystic granite producing a foliated 
granite . Beenbreek Farm. 
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blage by the reactions quoted above. Cordierite rimming garnet may therefore 
be produced by the reverse of this process under conditions of diminishing 
pressure, i. e . the assemblage is moving from t he h i gher pressure almandine 
f ield into the lower pressure fie ld of cordierite- almandine co-existence, as 
shown schematically by the dashed ar rows in Fig . 10 
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Figure 10 . Stability fi elds of garnet and cordierite. A. Hensen and Green 
(1971) a t 800°c . B. Currie (1971) for Fe /(MgO+FeO) ratios 
between 0 ,8 and 0,2. Dashed arrows in both diagrams show proba-
ble mode of formation of cordierite reaction rims around gar net . 
A thin section from a xenoli t h in Beenbreek grani te on t he farm Keimas 
showed gar net but no trace of cordierite (paragenesis B, Fig . 9) . Considering 
t he above relat ionship in the coronites this xenolith furnishes good evidence 
that t he original Kumian assemblages did not contain cordierite . The r eaction 
rims were therefore formed during a 1ater .metamorphic event ~hich may have als o 
produced· the mantling of pyroxene by hornblende in the mafi c rocks. Ri ms of 
cordierite around garnet have been reported by Hess (1971) f rom Mas sachusetts 
and Frej vald (1974) from Bohemi a . Frejvald ascr ibed t h is relationship to 
later low-pressure re-metamorphism of granulite- grade gneisses . 
I nclusions of Jerusalem gne i sse s i n the Beenbreek granite are very common 
at this locality on Keimas farm and immediately adjacent to the contact are 
extensive exposures of the Jerusalem formation . Not a single xenolith shows 
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evidence of migmat i sation while t he adjacent country rock i s well migmatised 
with the development of nume rous neos ome bands . The foli~tion in the mi gma-
tite i s also penetrative through mos t of the granite . This - shows qui te con-
c lus i vely t hat the migmatisation, at least in this area, post- dated the 
Beenbreek granite and was not developed during the Kumian metamorphi c event. 
P- T Condi tions of Kumian Metamorphism 
Experimenta l data for several of the rea ctions and parageneses visib le in 
thin section are available i n the l i teratu~e and can therefore be used to 
define the approximate P- T conditions for Kumian metamorphism. In resume 
these are : 
(i) stable co- existence of ortho- and clinopyroxene in granolite 
· (i . e . no garnet present) . 
(ii) almandine- bearing 'pelitic' assemblages (with pos sible 
inclusion of limited cordierite reaction rims) . 
(ii i ) olivine + plagioclase ~ clinopyroxene + orthopyroxene . 
( i v) sillimanite present as the s t able Al2 Si05 polymorph. 
Hewins (19 75) investigated the pair ortho- and cl inopyroxene from many 
occurrences using the geothermometer of Wood and Banno (1973), he concluded 
that the overwhelming majority of these fall in the temperature field 780°-
8600C . ' . 
The field of co- existence of garnet and cordierite is wedge- shaped on the 
P- T diagram (Currie 1971) . The upper pressure limit of this field for rocks of 
average Fe/Mg ratios varies between 7- 9 kb at temperatures between 600° and 
900°c . This approximate limi t was verified by Hensen and Green (19 74, p . 160) 
who analysed co- existing cordierite and garnet from sev_eral areas . 
The usefulness of the olivine + plagioclase reaction is diminished by in-
compatible experimental results . Problems are traceable to initial composi-
tions investigated and to the extrapolation of t hese results at lower P- T 
conditions . Green and Ringwood (op. cit.) proposed an intermedia te- pressure 
granolite subzone (defined by the breakdown of olivine) whose bounding limits 
are approximately parallel. Kushiro and Yoder ( 1966 ) have suggested that t h is 
zone is wedge shaped, the two- pyroxene field der i ved from the breakdown of 
olivine closing at about 6 kb at 700° c. This has been confirmed by Green and 
Hibberson (1970) who believe that the size of this field may be even smaller 
when considering other possible compositional factors . Whitney and McLelland 
( 19 75) have put the P- T conditions of the Adirondack coronites at 8 kb and 
800°c, a conservative figure when taking these conflicting data into account . 
Experimental work by Althaus (196 7, 1969) and Ri chardson et al. (1969) 
shown t hat the presence of sillimani t e is compatible with the P-'r condi t i ons 





0 0 6-13 kb between 600 and 900 C (Althaus 1967). 
This infonnation is plotted in Fig. 11 whi ch indicates P-T conditions for 


























Figure 11 . P-T field for Kumian metamo rphi sm (hatched). For reactions see 
text. A. Whitney and McLelland 1975. B. Hewins 1975. C. 
Green and Rignwood 1967. D. Kushiro and Yoder 1966, Green 
and Hibberson 1970. E. Currie 1971. F. Althaus 1967. G. 





The marked absence of migmatites in these rocks implies extremely an-
hydrous conditions (PH20<<P Total) and raises certain problems, es pecially 
with gneisses of pelitic composition. It has been suggested by Winkler (1974, 
p .262) t hat these conditions only prevail at deeper crustal levels where water 
was slowly lost during a long metamorphic history. Since the evidence indicates 
tha t t he Kumian was the first me tamor ph ic event, this suggestion would not seem 
appropri a t e . Tour et ( 19 71) has proposed that the s ame anhydrous condi t i ons 
could be simulated if the fluid phas e contained appreciable quan t ities of C02 . 
He ·has sugges ted t ha t t he C02 may origi nat e through degassing of the mantle . 
An a ttempt was made to gain a qual ita t ive est i mate of the fluid phas e compos i -
tion by examining suitable i nc lusions in qu.ar tz grains whi ch con t a in both a 
fl u i d and a gas phase. The se inc l usions are care fu l l y watched while t he thin 
s e ction is heated with a hair drie r (Touret, pers. comm.). I f t he bubb le, i . e .. 
gas phase, in the inclusion shows signs of enlarging during the heating it · 
indicates the presence of C02 and the degree of enlar gement of t he bubble is a 
guide to t he relative amounts of C02 an d H20 present. The inclusions tested by 
t he writer showed comple te homo genis a tion when hea t ed to approximately 35°C 
which . can only happen if both fluid and gas are nearly pure C02 · If the tempera-
ture of t he thin section is known t he composition of the inclusion can be es-
timated with a high degree of accuracy . Touret (1974) presents tables showing 
the amount of homogenisation for dif f erent compositions at known temperatures. 
D. PRE-NAROS METAMORPHIC EVENT (EARLY VELLOORIAN) 
In exposures along t he Ham River undeformed Naros granitoid can clearly 
be seen to intrude foliated Beenbreek· megacrystic granite (Plate 9) and quartzo-
feldspathic gneisses. The tectonism following the Kumian and predating the Naros 
granitoid will be referred to as M2 - the first of t wo metamorphic episodes 
constituting the Velloorian. Only t he Beenbreek granite has been found as xeno-
liths in the Naros gran itoid and , recalling the constraints imposed in the 
i n troduction (section IIIA) nothing can be said about the effects of M2 on the 
Onseepkans sequence . Two topics wil l be discussed in this section namely the 
intrusion and deformation of the Beenbreek granite and the formation of the 
Grass River augen gneiss. 
There was a marked change in me t amorphic conditions following the Kumi an 
whi ch witnessed the intrusion of an hydrated rock (the Beenbreek granite) and its 
subsequent deformation. No evidence of migmatisation was found in deformed 
granite xenoliths which suggests physico-chemical conditions during the defo rmation 
were not suitable for anatexis . On t he basis of the limited number of xenoliths 
s een in only one locality this conclusion may, however, not be applicable to 
the whole area . 
(i) Beenbreek granite 
The megacrysts in the Beenbreek granite consist of either microcline or 
p l agioclase (andesine) or aggregated of t hese minerals with quartz. Some are 
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weakly poikilitic, containing sub-hedral plagioclase crystals. No 
inclusions or garnet or sillimanite were found and no megacrysts were 
seen enclosing a tectonic fabric. The origin of megacrysts in "porphy-
ri t ic" granites vis a vis porphyroblasts in surrounding rocks has been 
deb a ted for several decades but most authors now appear to a ccpe t blas-
tesis as the origin for both (Mehnert 1968, p . 289-295; Marmo 1971, pp . 
42- 48; Didier 1973, pp.208-215). Beukes (1973, p.2I2) invoked potassium 
metasomati sm for the origin of microcline megacrysts in his Eendoorn 
granite where, apparently , plagioclase megacrys ts do not exis t. 
Biotite and garnet a re the mos t ,common maf ic minerals . Although s ome 
authors have suggested that garne t ht' granite is a primary mineral (Hall 
1965; Green and Ri ngwood 1968) it is generally accepted (e. g. Mehnert 
1968) that, if the country rocks a re rich in garnet , as in this case, its 
presence is most prob ab ly due t o assimilation. The occurrence of silliman-
ite in some thin sections a lso suggests t ha t the granite was derived by 
anatexis a lthough it has been s uggested that this mineral may be primary 
(Kennan 1972). Cordierite was f ound in two thin s ections occurring in 
exactly the s ame manner as in Kumian assemblages, i.e. as thin, incomplete 
se l vages around garnet. The mineral was only found in thin sections con-
taining both garne t and sill i manite showing that the reaction al + s"il 
+ qz + cd (c.f. section IIIC3) is also relevant in this case. The absence 
of cordierite as a di s crete phas e in the grani te is additional evidence 
that it was not formed in the Onseepkans sequence during t he Kurnian event. 
The origin of aplite in the Beenbreek granite raises a further 
problem since the aplite contains no hydrous minerals. Leake (1974) has 
described a similar megacrystic granite/garnetiferous aplite association 
in the Galway Granite, Ireland; and has shown that the aplite is derived 
from a water-poor residual liquid. If this model is applicable to the 
Beenbreek granite it indicates that more anhydrous conditions were again 
present at the end of the intrusive period and this may explain why the 
subsequent deformation of the granite was not accompanied by anatexis. 
Fluctua tion in t he availability of water has been shown by Starmer (1972 ) 
to produce periods of granitisation during otherwise anhydrous, granulite-
grade metamorphic events. 
The foliation of the Beenbreek granite results in a comp lete gradat ion 
from augen gneiss to garnet-biotite gneiss (Plate 1.1). A similar grada-
tion exists between aplite-bearing granite and augen gneiss containing 
bands of quartzo-feldspathic rock (Plate 14). Ori the farm Ke imas undeform-
ed megacrystic granite carrying xenoliths of over 1 m in diameter is 
transformed within a distance of 5 .m into a foliated augen gneiss in whi ch 
the drawn out and flattened xenoliths are approximately 15 cm thick. Sur-
prisingly , the megacrysts i n such cases show very little evidence of 
deformat ion. The strain effects are usually limited to bending of twin 
lamel lae and a weak mortar structure developed round the edges of the 
augen. At one stage t he writer felt t ha t the general absence of deforma-
tional features suggested an alternative origin for the Beenbreek granite 
(Toogood 1974). In t h is mode l the augen gneisses were seen as developing 
by blastesis in suitable host rocks and the granite was se~n as the 
localised end product of this process giving rise to restricted intrusive 
phenomena. This hypothesis is now rejected on the following grounds: 
Plate 13b. 
Plate 13c . 
Deformation of Beenb reek megacrystic granite producing an augen 
gneiss . Beenbreek Farm. 
Deformation of Beenbre ek me gacrystic granite producing 
a garnet- biotite gneis s. Ondermatje Farm. 
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(i) very few of the megacrysts are poikilitic and none shows a 
tectonic fabric . 
(ii) no xenoliths of augen gneis s (i . e . an int ermediate ' stage) 
have been found in t he grani te . 
(iii) contacts be tween granite and augen gne iss are gradation.al 
and not intrusive . 
· (iv) apli te intruding granite probably not pro duced by the 
mobil isation of intercalated augen gne iss es and garnetiferous 
quartzo- feldspathic gneis s. 
(v) cases exist where granite wi th xenoliths grades into augen 
gne i ss containing narrow lense-like horizons of other rock 
types . This could not have been produced by mobil isation 
of the augen gneiss . 
On t hese grounds it was concluded t hat t h e augen gneiss results from the 
penetrative deformation of a prev iously isotropic megacrystic granite . 
2. Grass River augen gneiss 
Little can be added to the lithological description of this format ion 
as given in section IIB2 sin ce it has not been possible to de termine · 
whether these rocks are largely composed of blastites or of deformed 
megacrysti c granite. In some instances compositional variations fall 
out s i de the normal range f or Beenbreek grani te and t herefore an origin 
through blastes is is more tenable. Such exampJes include augen gneiss es 
in marginal parts of the Stolzenfe ls formation (especially t he eastern 
contact of SII) and, also, the augen gneiss es on the farm Blyderverwacht 
which are considerably more leucocratic t han the Beenbreek fo r mation . 
Unfortunately augen are not sufficiently distinctive to be of use , although 
they are potentially very valuable strain markers (Wilson 1972). 
Theoretically megacry,sts can be of four main types . In Fi g . 14 a , a 
porphyritic fab ric is developed in an igneous rock with unoriented crystals 
set in an isotropic mat r i x . Apar t from some undeformed parts of t he Been-
breek granite where megacrysts could be interpreted as phenocrysts, this 
fabria is unknown from the present study area . Fig . 14 c . illustrates a 
c lassical, unambiguous case of a porphyroblast growing in, and repl acing , 
a previous tectonic fabric. Such porphyroblasts are not seen in the On-
seepkans area. The augen normally encountered are illustrated i n Figs. 
14c and 14d, by far the greater majority is represented by Fig . 14d . In 
t hese fabrics the augen lie with in and do not cut the foliation which 
curves round them. Occasionally (Fig . 14c) the foliation gives the appear-
ance of abutting against the megacryst s and even continuing some distance 
into them. These features allow var ious interpretations. 
It has long been mai n t ained that a growing porphyroblast has the 
ability to displace the surrounding matrix . This view was exp ressed by 
I . 
Plate 14 . 
a 
Deformation of aplite- bearing Beenbreek megacrystic granite 
producing foliated granite and aplite (a) and ultimately augen 
gneiss with boudinaged quartzo- feldspathic horizons (b) . 
Compare with underformed relationship in Plate 4. Plate (a) 
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(d} 
Various types of fabri c containing megacryst. (a) phenocryst 
in igneous rock. (b) porphyroblast replacing a · tectonic fabric. 
(c) augen of uncertain origin representing the majo.rity of mega-
crysts found in the Grass River augen gneiss. (d) augen of un-
certain origin represent ing a minority of megacrysts found in 
the Grass River 1 augen gneiss. 
Harker (1932) and Ramberg (1947) and apparent proof of this was recently fur-
nished by Sagge rson (1974). However, as pointed out by Spry (1969) and Spry 
and Misch in discussion (1972) "no r ock which has suffered deformation con-
currently with, or subsequent to, me tamorphi sm can be used to prove displace-
ment (by porphyroblast) convincingly '~· it can be readily shown that the Grass 
River augen gneiss have undergone t wo peribds of penetrative foliation. 
Therefore, any information gained f r om the present textural features of the 
megacrysts is of little value in dec iding whether the rock originated as an 
intrusive granite or as a blast ite. 
I t may be proposed her e that post-megacrys t deformation must inevitably 
be reflected in the strain features within the megacrysts themselves. This 
was not the case in the Beenbreek granite where augen are known to represent 
deformed megacrysts and the. situation in the Grass River formation is virtually 
; . 
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identical. Very little published information is available on deformational t ex-
tures in feldspars (White 1975) and this makes it very difficult to hypothesize .. 
on the re asons for their absence in the augen gneiss megacrysts . It is tent a-
tively suggested tha t the penetrative foliation, or refoliation, o.f a rock con-
taining megacrysts in a low strain r ate situation will not neces sarily produce 
t hese deformat ion t extures . However under high strain r ate conditions mortar 
s tructure, dislocation structures and fracturing are favoured (see chapte r 
V). 
Since no xenoliths of the pre- t e ctonic gneisses have been f ound in the 
Naros granitoid it is not possible t o describe the effects of M2 on t hese rocks . 
No attempt will be made to def i ne P- T con~itions on the basis of the one ex-
posure containing xenoliths of defo rmed Beenbreek megacryst ic granite. 
E. POST~NAROS METAMORPHIC EVENT (LATE VELLOORIAN) 
The episode described above was followed by the intrusion of the Naros 
granitoid and subsequent migmatisation . Since there is no evidence of mig-
matisation prior to this episode it will be assumed that all mi gmatites in t he 
area can be related to the late Velloorian event which resulted in anatexis of 
certain mar ginal parts of the Naros granitoid. The mineral parageneses now 
present in all formations will be described in this section but it must be 
sta ted that it is seldom possible t o s eparate the effects of M2 and M3 on the 
pre-tectonic gneisses. As a working hypothesis it is accepted that rocks 
throughout the area recrystallised during t he Velloorian the only exception 
being where pre-Beenbreek formati ons (i.e. charnockiti c suite rocks and mafic 
granolites) are still recognisable. ' 
1. Je rusalem cordierite-sillimanit e-garriet gneiss 
Typical parageneses of rocks of t h is formation are: 
quartz + biotite + sillimanite + cordierite + plagioclase ± 
microc line 
\ 
quartz + biotite + sillimanite + cordierite + garnet ± plagioclase 
± mic:rocline 
They are illustrated in AFM diagrams in Fig. 15. 
These gneisses are most suitab l e for determining me t amorphic grade because 
of their favourable mineralogical composition. They are restricted in volume 
but fortunately h~ve a fairly wide distribution. One of the most important 
variations as a whole is the quantity of cordierite seen in thin section. 
Thi s is especially noticeable when comparing typical Kumian parageneses (con-









Figure 15. AFM diagrams for rocks of the Jerusalem f ormation showing Vel l oor-
ian parageneses. Modified after Reinhardt ( 1968). 
all cases the cordierite shows the same habit described earlier (Section III C3), 
i.e. it forms coronas round garnet crystals, and the amount of cordierite 
relative to garnet appears to be control led by the extent to which the r eac t ion 
a?, + si + qz + cd has progres sed (c. f. Table 3). Some samples taken along the 
Ham River contain minor amounts of garnet or none at all and it is inferred 
that the garnet has completely altered to cordierite. Alternatively, cordier-
ite enclosing only biotite and sillimanite may imply the prograde reaction 
cl+ mu + qz + cd +bi+ si (Hirschberg and Winkler 1968). Winkler (1974, 
pp . 89-90) has suggested that in either case a low pressure assemblage is 
present. In general, the remnant cores of garnet surrounded by an intergrm:Vth 
of pinitised cordierite, sillimanite and biotite suggests tha.t the cordierite 
is a retrograde mineral (Section IIIC3). The general absence of primary mus-
covite which was found in only one thin section, indicates high-grade meta-
morphic assemblages for the maj ori ty of the formation (Winkler 1974, pp.81-86). 
On the basis of Jerusalem parageneses the area may be roughly divided 
into three zones: 
(i) high pressure, high .. or granulite grade, garnet-bearing 
assemblages in the extreme south west on the farm Kum Kum. 
(ii) intermediate pressure, hig~ grade, cordierite + garnet 
assemblages over the .eas te rn half of the area. 
(iii) low pressure, high grade, cordierite (±garnet)-bearing 
assemblages along the Ham River. 
The distribution of t hese assemblages is shown in Fig. 16 together. with 
data on the distribution of cordier ite in the Kambreek formation and the distri-
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-2 . Kambreek quartz- muscovite schist. 
South of the Pofadder Lineament occur narrow horizons of lustrous mica 
schists that are probably the medium- gr ade equivalent of the high-grade 
J e rus alem gne isses north of the Lineament (only t wo horizons of Kambreek 
schist have. been found in t he northern block). The most distinctive feature 
of their mineralogy is the stable co- existence of primary muscovi te and quartz . 
Be caus e no plagioclase is pres~nt i n these schists the associ a tion is not, 
s·trictly speaking, typomorphic of medium- grade metamorphism (Wink ler 1974 , 
p . 81) . However, since these rocks a re intercalated with quart z- muscovit e-
plagioclase bearing gneisses their t rue metamorphic grade is no t in doub t . , . , 
Typical parageneses are : 
muscovite + biotite + quartz ± microcline 
muscovite + bioti te + si llimani te + quartz ± microcline 
muscovite + biotite + .sill imani t e + cordierite . ± microcline 







Figure 17. AFM diagram of the rocks of the Kambreek formation showing 
Velloorian parageneses. 
The cordie rite in these schists has a comp letely different habit from 
that in the Jerusalem gne isses. He r e it forms sub~idioblastic grains, commonly 
unaltered and packed with fine needle s of sillimanite and sometimes patches of 
mus covite and biotite (Fig . 18)~ 
This s uggests the prograde reaction ch + mu + qz ~ cd + si + bi (Hirschberg 
and Winkler 1968). No garnet has been found in these schists, and there is no 
evidence to suggest that t he format i on was ever at a higher me tamorphic grade 
than i ndicated by the present parageneses. 
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Figure 18. Photomicrograph of a th i n section of Kambreek schist showing 
cordierite and sillimanite forming _from muscovite and quartz 
3. Austerlitz quartzo-feZdspathic gneiss and Orangefaii biotite gneiss. 
Because of the similarity in mineralogy both these formations will be 
described together. Only one quartzo-feldspathic horizon was found to be 
intercalated with the mafic granolites and this had a composition free of mafic 
minerals. Nothing is known, therefore, about the type of Kumian parageneses 
produced in these rocks. If these formations are interpreted as paragneisses 
. they represent psammites or semipelites and they probably have a high Fe/Mg 
ratio thus explaining why cordierite is rarely found in these rocks . Because 
of their composition and restricted mineralogy they are of less use in estab-
lishing metamorphic grade . 
Typical parageneses are: 
quartz + biotite + rrricrocline + plagioclase 
quartz + biotite + sillimanite + plagiocZase ± rrricrocline 
quartz + biotite + garnet ± plagioclase ± rrricrocline 
quartz + biotite + sillimanite + garnet ± plagioclase ± rrricrocline 
quartz + biotite + muscovite + rrricrocline ± plagioclase 
The last paragenesis (medium-grade metamorphites) is only found south of 
the Pofadder Lineament whereas high- grade metamorphic conditions are defined 
. I 
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by the lack of primary muscovite in rocks north of the Lineament. Muscovite 
is fairly common as a retrograde mineral but not in the sense that it charac-
terises ~ssembl~ges n~cessarily ty~omorphic of ~ower meta~orphic+gr~de. The 
hydrolysis of microcline to muscovi te + quartz is due to a low K /H ratio 
in circulating fluids and the alte r ation potential of t h is fluid increases with 
de creasing temperatures (Hemley 1959) . 
An interesting feature of the Austerlitz rocks is that garnet i s much mo r e 
.Prevalent in the east of the area t han elsewhere· and ha$ apparent ly formed at 
the expense of biotite. The mineralogy (but not the texture) is typica l of 
the garnetife rous quartzo-feldspathic gneisses that many authors have des cr ibed 
as gr anul ites (c.f. discussion by Behr et · al . 1971). Winkler (1974, p.297) and 
Hensen ( 19 71, Fig. 9) have suggested that' almandine forms in high-grade rocks 
according to the reaction, bi + si + qz + al + kf + H20. Although this reaction 
may explain the disappearance of biotite it has not been observed in thin section 
and neither does garnet enclose biotite, sillimanite or microcline. 
4. Pelgrimsrust hornblende gneiss and schist, Stolzenfels norite, Kwn Kum 
mafic granolite and Jericho amphibolite . 
The norites, mafic granolites and amphibolites probably share a common 
origin and their behaviour during M3 will be des cribed together. The Pelgrims-
rust formation has a similar mineralogy and is also described in this section. 
Velloorian retrograde effects on the norites and mafic granolites can best 
be demonstrated in marginal zones. In the earliest stage a green hornblende can 
be seen forming coronas around pyroxene crystals and also penetrating the 
cleavage . Traced towards the contact pyroxene is found in all stages of replace-
ment by a mosai c of hornblende crystals until the norites are final ly reduced 
to amphibolites. In one thin section where primary brown hornblende is present 
together with the retrograde variety, the former appears to be unaffected by 
alteration. Velloorian assemblages are prominent in SII and most norites on 
the farm Beenbreek, but they are only patchily developed elsewhere. Some mig-
matisation was noted in amphibolites derived from the Kum Kum mafic granolite. 
The amphibolitisation of norite s and the complete gradation existing between 
lenticular norite bodies and amphibo l ite horizons demonstrates the close relation-
ship beaveen the Stolzenfels and Jer i cho formations. In the east narrow amphi-
bolites preserve all stages of the pr ocess and there can be little doubt that 
the majority, if not all, of the amphibolites is derived from the retrograde 
metamorphism of the norites. Occasionally rocks of the Jericho formation show 
no evidence of retrogression and cont~in no hornblende (DT 630). These rocks 
are largely confined to the Austerli t z formation on the farm Stolzenfels and 
may be due to the anhydrous nature of the host rock inhibiting reactions during 
the Velloorian metamorphic event. 
The mineralogy of the Pelgrimsrust formation is fairly simple and consist 
mainly of hornblende , andesine and quartz. Although this composition is ve ry 
similar to the amphibolites there is no evidence in the field or from any thin 
section that the rocks of this formation are derived from the retrogression of 
other rock types. The hornblende is uniformly green or sometimes blue-green 
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and never brown . Clinopyroxene was found in two samp les and showed no horn-
blende reaction rims, and no relict cores of pyroxene were found as was the 
case in the amphibolites. 
Rocks with this mineralogy off er little help in determining metamorphic 
grade since t hey persist from the beginning of medium grade to the beginning 
of granulite grade with minimal change s in composition . . Metabasites a t thes e 
grades have been describ e d by Binns (1965) in the Broken. Hill district, Aus-
, tralia . In the passage from medium to high grade the changes no ted by Binns 
{nclude colour variation in hornblende, disappearance of epidote and the 
appe arance of clinopyroxene . None of these change s are seen in the Pelgr ims-
rus t gneisses but t he occasional pr esence of clinopyroxene may imply hi gh-
grade as semblages. This would be i n accordance with the grade indica ted (c . f . 
sections IIIEl and 3) by intercala t ed horizons of other rock types No ortho-
pyroxene is present thus showing t hat granulite-grade conditions were not 
attained. Parageneses for this formation are shown in Fig. 19. 
A 
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Figure 19. ACF diagram for rocks of the Pelgrimsrust formation. 
5. Kei mas calc--silicate gneiss 
Cale-silicate layers occur as narrow horizons intercalated with rocks of 
t h e Onseepkans sequence in the wes t of the area. They have a variable miner-
alogy but the main constituents are ~iopside, hornblende, plagioclase and 
quartz. 
Diopside occurs as pale- green equant, sub-idioblastic grains and is found 
in nearly all samples. Hornblende i s usually xenoblastic and has a bright-
green colour. It often forms well defined thin seams. Hornblende appears to 
have reacted with clinopyroxene; t h e textures are ambiguous but generally 
suggest that hornblende is the later mineral. A pale-green zoned tremolite 
was found in one sample. Garnet is not common but when present has a strong 
body colour indicating a grossular/ andradite composition. Colourless 
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garnet from zoned calc-silicate boudins in the biotite gneiss was analysed on 
the e l e ctron mi croprobe as c~l cic- almandine. Sphene and epidote are abundant. 
Scapolite was recorded in one th i n se ction . 
These assemblages are not typomo rphic of a unique metamorphic gr ade but the 
presence of diopside is ~ormally a ccepted as indicating fairly high gr ades 
(Kennedy 1949, Wink l er 1974, pp . 119- 123). . Reactions i n calc-silicate rocks 
are not generally temperature- definitive since they are very susceptible to 
fluctuations in pressure and C02 con tent of the fluid phase . However, ce r tain 
mine ral parageneses seen in thin sec tion afford a rough guide to prevailing 
conditions espe cially if t he mole f r action of C02i s assumed to vary wi thin 
normal limits i.e. XC02 > 0,1 < 0,9 (Met.z .and Trbms dorf 1968) . 
In sample DT1358 a pale- green, weakly-zoned tremolite is associated wi t h 
diopside, plagioclase, quartz, s capolite and trace amo unts of ca lcite . This ' 
associa tion is especially significant because, according to Metz (1970), 
diopside in calc-silicate rocks is derived almost exclusively from the reaction: 
Th i s reaction was investigated expe r imentally by Met z and the stability curve 
is shown in Fig. 20. The pres en ce of scapolite is apparently not significant . 
Winkler (1974, p . 129) states that i t is common at both medium and high grades , 
and Ramsay and Davidson (19 70) believe that its development is due to the 
presence of ha lite i n the original metasediment . 
I n samp le DT 1955A grandite (gr ossular- andradite garnet) is found in 
association wi th epidote, plagioclas e and hornblende. Two generat ions of epi-
dote appear to be present in this t h in section. A yellowish-green epidote (Fe 
rich?) is found surrounded by a pale- green epidote (Fe poor?) which also com-
pletely encloses the grandite. The latter mine r a l appears to be breaking down 
to form epidote and ore . In some cases hornblende and yellowish-green epidote 
are fo und as cores in grandite crystals which, in turn, are rimme d by pale-
green epidote (Fig. 21). A possible reaction producing epidote from garnet 
is: 
gr + an + mg ~ ep + qz 
This reaction was investigated by Liou ( 19 73 ) and the stability curve is shown 
i n Fig. 22. The P-T conditions for the curve agree reasonab ly well with those 
given by Metz (1970) f or the diopside-producing reaction quoted above and hence 
the presence of epidote bearing as s emblages with diopside bearing assemblages 
is not inconsistent. The sequen ce of mineral formation in sample DT 1955A 
would appear to be hornblende + Fe rich eipidote followed by grandite and Fe 
poor epidote + ore. Areas in Japan where a prograde metamorphic succession 
hornblend.e/epidote is followed by grandite is described by Ito (quoted by Liou, 
op . cit. , p. 911). Both prograde and retrograde assemblages are therefore pre-
served : i n samp le DT 1955A. 
The zoned calc-silicate boudins in the biotite gneisses (Orangefall fornr 
ation) contain a fine- grained associ a tion of diopside, garnet, hornblende, 
sphene, pl agioclas e and quartz (DT 99A). In the outer zone of the boudins 
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Figure 20. Stability curve for the r eaction tr + cc + qz t di + C02 + H20 
after Met z 1970, Fig. 15 ) . The curve shown approximates a di-
variant band. 
The garnet is colourless and an elect ron microprobe analysis showed it to be 
calcic-almandine (Fe 53%, Ca 31%, Mg 12%, Mn 4%). 
The association a lmandine + clinopyroxene + quartz has attracted atten-
tion in recent years following the suggestion by De Waard (1965a) that it 
results from the prograde metamorphi sm of orthopyroxene-bearing granolites 
through the reaction: 
op + pg t c:p + al + qz 
Winkler (1974 , p . 244) has proposed t hat , by definition, the association 
almandine-rich garnet + clinopyroxene + quartz is typomorphic of granulite-
grade metamorph ism. Up to 20% gross ularite component in the almandine is 
suggested following the constraints of the idealised rea ction g~ven by De 
Waard . However, this figure can only be approximate and will vary according 
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Figure 21. Photomicrograph of thin section DT1955A showing hornblende and 
Fe rich epidote enclosed by grandite and enclosed in turn by 
Fe poor epidote. 
to the composition of the phases involved. Data on the composition of garnets 
from granulite- grade terrains are scarce and Winkler's proposal is therefore 
difficult to assess . Dearnly ( 1963) 'quotes analyses from granuli te- grade rocks 
in the Lewisian which all have a high grossularite component and one of his 
analyses approximates that of sample DT 9.9A. 
In the Onseepkans area there is no supporting evidence for the reaction 
proposed by De Waard . The breakdown of orthopyroxene to garnet and clinopyro-
xene has not been seen in any thin section from the mafic granolites nor has 
orthopyroxene been recorded in any other calc- silicate assemblage . 
Calcic- almandine has also been reported from calc- silicate assemblages 
in the Moinian of the Scottish Highlands which are associated with medium-
grade rocks (Winchester 1972) . For these assemblages it was suggested that 
almandine was derived from the reac t i on: 
mg + an+ qz :t aZ (Fe 6?% , Ca 33%) . 
-
The close similarity of this garnet composition with that of sample DT 99A 
makes this reaction more acceptable in the present case but no supportine petro-
graphic evidence was found. 
The breakdown of clinopyroxene to hornblende in the outer zone of the 
boudins is undoubtedly due to a later retrogressive event . These boudins occur 
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Figure 22 . Stabil i t y curve f or the r e action gr + an + mg ~ ep + qz af te r Liou 
( 1973) . 
In summary, the Keimas format ion shows evidence of medium or h i gh- gr ade 
me t amorphism. No wollas t onite has been encountered in ca l cite- bearing r ocks 
indicating that ve r y high grades were not attained (Greenwood 196 7) . 
Retrogr ade effe cts in th is format i on have resulted i n cl i nopyroxene break-
ing down to hornblende, grandi te break ing down ' to epidote and, poss i bly , di opside 
breaking down t o tremolite and calcite . Although i t i s tempting to relate t hese 
ch anges to the overprinting of Kumian parageneses during the Ve l loori an event 
no pre- Beenbreek calc- silicates are ava i lable for comparison . Minor prograde 
and retro grade reacti ons must be expe cted in any metamor phic event and without 
further data t he evidence is inconclus ive.· However, the assemblages do not 
contradic t s uch an inte r pretation. 
6. Migmati tes 
The migmati tes des cribed here are composi t e rocks fea tur i ng l eucosomes 
(leucocratic, newl y- f ormed component) and palaeosome (host ro ck)~· They are 
ubiquitous i n the Onseepkans area both north and south of t he Po fadde r Line ament 
' . 
56 
but are much more common in some formations than in others. The biotite gneisses 
appear to be particularly prone to migmatisation and where encountered west and 
northwest of Onseepkans a profusion of leucosomes are found (Plate 15). Blas-
tites are excluded from consideration in this section since they are thought to 
be a product of pre-Naros metamorphism. 
In the east leucosomes often contain garnet but completely l ack other 
mafi c minerals (Plate 16). Occasionally t hese migmatites gr ade into s ticoto-
lites or flecky gne iss (Mehnert 1968 , p. 37) wh ich are rocks with irregul a r 
patches of garnet surrounded by a leucocratic halo deple ted in mafi c minerals . 
There has been a marked vari a tion in the r esponse to mi gmatisation between 
t he different rock types of t he study are.a ,; . Quartzo- feldspathi c gne i sses are 
seldom strongly migmatised, even whe r e t hey occur as narrow horizons in mi g-
mat ised biotite gne iss (Plate ll). The margins of t he Naros granitoid show 
various stages in the mi gmatisation process. In some localities the marginal 
f oliated zone is only a few centime t res wide but leucosomes in the surrounding 
gneisses clearly penetrate the granito id (Pla te !Sa) . At a more advanced stage 
t he granitoid margins are .penetratively foliated and migmatised (Plate 18b ). 
The ultimate product is a nebulite i n whi ch leucosome and palaesome can no 
longer be distinguished (Mehnert op. cit., p.40) but where the ellipsoidal mafic 
bodies found in the original rock are still visible (Plate 18c). The develop-
ment of nebulites is rare in the Nar os granitoid but is fairly connnon in biotite 
gneiss where it is often accompanied by spectacular fold structures (Plate 19) . 
\Ton Platen ( 1965) has explained the dif f ering behaviour of rocks during anat exi s 
as a function of their composition. Where t he melting behaviour of a single 
rock type varies temperature or PH20 fluctuation may be the cause (Winkler 1974, 
pp. 301-306). 
P-T Conditions of ~elloorian Me tamorphism 
Two discrete . assemblages are present. These are the 'quartz + muscovite 
out' assemblage north of the Pofadder Lineament and the 'quartz + muscovite in' 
assemb l age s outh of t he Line ament. Anatexis has taken place in both areas but 
south of the Lineament only cordierite is found in rocks of pelitic composition 
whereas north of the lineament cordierite is associated with almandine . These 
data together with the stability curves for calc-silicate assemblages are 
plotted in Fig. 23 . 
South of the Lineament the stability field of rocks in this area is limited 
between t he begi nning of melting, the 'quartz+ muscovite out' curve in the 
presence of plagioclase (Storre and Karotke 1971) and the lower limit of garnet 
s tab ility in cordierite bearing as semb lages. This is at approximately 650°C 
be tween 3,5 and · 5 kb . 
North of the Lineament the fiel d lies on the high temperature side of the 
'quartz + ·muscovite out' curve (plagioclase present) and in the cordierite plus 
garnet co-existence field (for rocks with normal Mg/(Mg + Fe))ratios. Calc-
sili cate assemblages place a restrict i on on the temperature range of this field. 
Conditions indicated are 650°-700° C between 5 and 7 kb. 
Plate 15 . 
Plate 16 . 
Neosome development in migmatised biotite gneiss (Orangefall 
formation). Keimasmond Farm. 
Garnetiferous neosomes in quartzo- feldspathic gneiss (Austerlitz 
formation) . Ondermatje Farm. 
Plate 17. Narrow horizons of weakly migmatised quartzo-feldspathic gneiss 
in migmatised biotite gneiss (Orangefall formation). Keimas-
mond Farm. 
Plate 18a. Initial stage in the migmatisation of the Naros granitoid showing 
neosomes penetrating undeformed granitoid . Naros Farm. 
Plate !Sb. 
Plate !Sc. 
Second stage in the migmatisation of the Naros granitoid showing 
marginal . zone foliated and migmatised . Kerelbad Farm. 
Completely migmatised Naros granitoid with mafic inclusions still 
identifiable . Naros Farm. 
Plate 19. 
Plate 20 . 
Nebulite; an advanced stage of migmatisation in biotite gneiss 
(Orangefall formation) . Orangefall Farm. 
A foliat i on surface contai ning two lineat ions defined by mineral 
alignment . One trending from upper left to bottom righ t and the 
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Figure 23. P-T field for Velloorian metamorphism. For reactions see text. 
Area north of the Pof adder Lineament shown ruled. Area south of 
the Pofadder Lineament ha tched. A. Currie 1971. B. Tuttle and 
Bowen 1958. C. Althaus 1970. D. Althaus 1967. E. Metz 1970. 
F. Liou 1973. ' 
F. SUMMARY 
A po1ymetamorphic origin for the Onseepkans gneiss terrain is suggested 
following the approach outlined in the introduction~ The earliest thermal 
event involved the intrusion of rocks of the charnockitic suite which coincided 
with a high-grade anhydrous episode of metamorphism. According to Green and 
Ringwood (1967) and Miyashiro (1973) the mineral parageneses associated with 
this event are typomorphic of medium-pressure granulite-grade conditions. The 
products of this early event still exist and are recognisable in a remnant 
massif centred on the farm Kum Kum. Elsewhere in the area the charnockitic 
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r ocks can be positively identified as part of this event but t he surrounding· 
gneisses show the effects of l a ter re- metamorphism. The early event is 
referred to as the Kumian . 
Following the Kumian were t wo episodes of me t amo rphism accompanied by the 
intrusion of the Naros and Beenbreek granitoids. These cons titute the Velloor-
ian event . The Velloorian culminated in the anatexis of the youngest gr anite 
and the stability limit of muscovite + quartz was exceeded north of the Pofadde r 
Lineament . Indi ca tion are that mi gma tisation can be related to this one event 
thoughout the area . South of the Pofadder Lineament 'quartz+ mus covit e in' 
assemblages in suitable rocks indicate a lower metamorphic grade . 
Over mos t of the a rea the metamorphi'c- mineral assemblages cannot be un-
equivocally 'pigeonholed' as either Velloorian or Kumi an since some rocks have 
an ambiguous mineralogy and also l oca l fluctuations in gr ade during both events 
cannot be ruled out. The choice may be narrowed in many cases by textural 
evidence. I n a large numbe r of thin sections there are indications of a l ater 
retrogressive event over printing mineral par ageneses known to be typical of the 
Kumi an . Re trogressive ' assemblages a r e not i ncompatible with the grade of meta-
morphism at tained during the Velloori an. It is suggested that the overprin ting 
therefore post-dates the Beenbreek gr anite . Overprinting is well developed i n 
the Stolzenfels norites , Kum Kum maf i c granolites, Jericho amphibolites, Jeru-
salem gneis s es and, probably in t he Keimas calc-silicate gneiss. 
One dist inction to emerge from t he distribution of me t amorphic index 
minerals is the marked change in parageneses across t he Pofadde r Lineament 
(Toogood 19 75a, 19 75b). In the northern block rocks of pelitic to psammitic 
composition contain very little primary muscovite, and cordierite is fre-
quently associated with garne t, prob ably as a retrograde mineral . In the so uth-
ern block primary muscovite has been recorded in all rocks of suitable composi-
tion and cordierite is present as a prograde phase without garnet . Kumian p·ara-
geneses are entirely absent in t he s outhern area and no rocks of the charnockit-
ic suite or mafic granoiites or any ro cks containing orthopyroxene have been 
encountered . The most lo gical explanation f or this contrast is that a lower 
crustal level may be preserved in the northern block (Watson 1973). 
A comparison of the metamorphi c index map of the Onseepkans a rea (Fi g . 16) 
with that of the Warmbad area (Beukes 19 73 , p . 168) reveals that the distribution 
of cordierite and garne t in pelitic rocks in the Warmbad area is exactly as 
recorded at Onseepkans, i.e. cordierite + garnet are only present north of the 
Pofadder Lineament whereas cordierite al one is found in the south. A compilation 
of the data from both areas is presented in Fig . 23. It is also clear from 
Beukes' map that hypersthene has only been recorded in one locality south of 
the Lineament whereas it is extremely connnon in the northern block . Beukes 
(op . cit. ) gives no interpretation for this contrasting mineralo gy and, as far 
as the writer is aware, does_ not mention it. According to Beukes (in Blignault 
et al . 19 74) 'quartz + muscovite in' assemb lages are found throughout t he Warmbad 
area north and south of the Lineamen t . From f i eld excursions and further map-
ping near Warmbad undertaken by t he writer the presence of muscovite was con-
firmed f or the area south of the Lineament but in the northern block primary 
mus covite appears to be rare . These observations accord well with the inter-
pretation of the Onseepkans area . 
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Grano l ites have been r eported from t h e Warmbad area (Beukes op. cit, pp . 
174-175) and orthopyroxene is present in some gneisses of pelitic composition. 
This is adequately explained on compositional grounds since sillimanite is not 
f ound co- existing with hypersthene indicating that the (MgO + Fe0)/1'Ji0 3 ratio 
of the rocks is greater than one (Hensen and Green 1971, ' 19 72) . The hypers....: 
t bene gab bros and norites found in the Warmbad area (Beukes 1973, p . 248) have 
an ident ica l appearance and composition to the rocks of t he charnocki t i c sui te 
. a t Onseepkans. One of these intrusions (S I ) occurs at the boundary of bo th 
a~eas and it is r e asonably cer tain, t here fore , t hat the intrusives des cr i bed by 
Beukes a re part of the Sto l zenfe ls norite formation . A me t amorphi c h i story of 
t he Onseepkans area is presented in Tab le , 13. 
Comparison with other areas of the Namaqua belt and elsewhere 
Rocks of the charnockitic suite have been reported from Grunau (Blignault 
et al. 1974) and Aus (Jackson 1974). Both areas are part of the Namaqua belt 
in South West Africa. The charnockitic rocks and granolites in these areas 
were previously thought to define a 'central zone' of the mobile belt (Blig-
nault 1973, Blignault et al. op. cit.) However, the subsequent recognition of 
t he 'metagabbroids' of Blignault et al. (op. cit.) as charnockitic rocks has 
led to the conclusion that their di s tribution is controlled by displacement on 
t he Pofadde r Lineament (Toogood 1975a,b) . Samples of the charnockitic rocks 
f rom t he Gr unau area examined by the writer have a very similar composi t ion to 
t he Stolzenfe1s norites and enderbi t es at Onseepkans and the granolites i n t his 
area also suggest a derivation from norites as proposed at Onseepkans. These 
rocks pre-date the syn-tectonic granites in the Grunau area and probably those 
in t he Aus area (Jackson pers~ comm.) and the existence of a high-to-granulite-
grade pre- me gacrystic granite metamorphic event is therefore suggested for 
lar ge parts of the Namaqua belt north of the Pofadder Lineament in South West 
Africa (c . f . Chapter III). Jackson (1976) has estimated the P-T conditions of 
. . 0 0 
t he granulite grade event at Aus to be 780 -860 C at 4,5-8 kb, The temperature 
range is the same as suggested for the Kumian but the stable co-existence of 
cordierite and garnet in pelitic rocks and olivine with plagioclase in mafic 
rocks indicate lower pressures for the Aus granulite- grade metamorphic event. 
In Namaqualand Joubert (197 1, p .61) reported norites that appear to have 
been recrystallised under very high- grade conditions to produce pyroxene gr ano-
lites. This relationship is identical to that between the norite and mafic 
gr anolite at Onseepkans . In par ts of Namaqualand, however, a hi gher grade of 
me tamorphism is suggested by the development of garnet granolites within the 
pyroxene granolites (Joubert 1971, pp. 45- 46). Hypersthene has been broken 
down by t he reaction op + pg ~ cb + al + qz (De Waard 1964, 1965a) placing the 
as semblage in the high-pressure subzone of granulite grade. In the O'okiep 
are a Cli f ford and Stump fl ( 1975) and c·lifford et al. ( 1975) estimated granulit e 
grade condi tions at 6-8 kb and tempe ratures of up to 1000°c on the basis of the 
alumina content of orthopyroxene and the pyrope content of garnet. The data 
on granulite grade metamorphism in the Namaqua belt of the northern Cape Prov-
ince and southern South West Africa are shown in Fig. 24. Little is known 
about t he granulite- grade metamorphism in t he Ai- Ais - Grunau area except that 
both pyroxenes co-exist in metamorphites which suggest intermediate-pressure 
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Figure 24. Distribution of charnoclotic rocks and granulite- grade meta1 
and southern South West Africa . 
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granulite-grade metamorphism but gives no details. Intermediate- pressure 
granolites would be expected however from the distribution pattern seen further 
to the west (Joubert 1971). 
In Namaqualand all the above authors relate granulite- grade metamorphism 
to the 'main' migmatite- producing even t . This is perhaps the most significant 
difference in interpretation between the Namaqua belt in South West Africa and 
Namaqualand . It may imply that two granulite- grade metamorphic events .have 
operated in parts of the complex.. From work now in progress in the Kakamas area 
of. the Namaqua belt it appears that there is considerable evidence for an ear ly 
gr anulite- grade event overprinted by a late r medium or hi gh- grade event (Schul tz 
pers . comm.) . In a recent publicati on ,Joubert ( 19 7L:b ) stat es that the hypers -
t hene bearing mafic intrusives i n Bushmanland predate the granitic gneisses 
(syn- tectonic granites?) . If t hi s i s the case .it would restrict the area where 
charnockitic rocks and granolites ar e part of a later event to the Springbok 
area of northwestern Namaqualand. 
Early high- grade metamorphic event featuring charnockitic rocks in associa-
tion with granolites have been repo r ted from a number of Precamb rian mobile 
belts including the Lewi sian complex in Scotland (Watson 1965), the Grenville 
Province of Canada (Wynne- Edwards 196 9) and the basement complex in Ni geria 
(Hubbard 1975) . A r eview of these, and other, areas is presented by Crawf ord 
and Oliver (1969). As in the p~esent case; t hese rocks occur as remnant mass-




STRUC TURE - -DESCRIPTIVE 
The discussion of the structural framework of the area will be dealt with 
under three headings. This chapter wi ll confine itself to descriptive struc-
tural geology; the major folds and f abric elements found in the area and how 
t hey are related to one another and an attempt will be made to separate these 
structures on a time basis. A very well developed shear zone, the Pofadder 
ZAHNCAFS (Zone of Anoma lously-High Non-Coaxially-Accumulating Finite Strain) 
large ly controls the structure of the area west of Onseepkans. Although this 
could be described in the present chapter it is such .. a well defined example of 
rotational deformation that it is bet t er dealt with separately. The last 
chapter will be concerned solely with the minor folds found in the area, their 
probable mode of origin, the possibil i ty of using them for making finite strain 
estimates, and their usefulness in cor relation. 
A. FABRIC ELEMENTS 
A great deal of the following dis cussion centres around the interpretation 
of structures and fabric elements found 'in deformed rocks. Fabric is a term 
applied to the internal configuration of a rock body and will include such 
elements as foliation and mineral lineation (Paterson and Weiss !96i). Struc-
ture refers to the gross configuration of that body in space and is applied to 
folds, fault blocks etc. These terms are to some extent dependent on scale 
and will therefore overlap. Some general comments concerning these structures 
and fabrics and their notation are given below. 
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1. Planar f ahrics 
The term planar fabric is used here to describe secondary planar feat.ures 
produced by the alignment of minerals in the rock or sometimes a plane of 
parting not visibly (in hand specimen) related to mineral orientation. It 
includes all those fabrics known as s chistosity, axial plane cleavage, crenu-
lation cleavage , and gneissose foliat ion '(c.f. Whitten 1966) but excludes flow 
l ayering in igneous rocks, joints and faults. Joints and f aults are of ten dif-
fi cult to distinguish from foliation and are perhaps t he greatest source of 
error in gathering data on planar fabrics. Whe re the p lanes of parting (be it 
apparently 'joints' br 'cleavage ') are penetrative, i.e. they appear t o pervade 
the rock at the scale of examination, they are accepted as falling within the 
definition of foliation. Gneissose foliation is the alternation of felsic and 
mafic components in a metamorphic rock to produce a banded appearance (Winkler 
1974, p. 313). In this sense the t .erm foliation is extended to cover composi-
tional layering due to metamorphism. It shall be of no concern here whether 
t h is layering is the result of metamorphic differentiation or derived from 
partial anatexis (c.f. Hyndman 1972, pp.282-298), but where quartzo-feldspathic 
lit are clearly transgressive they are not included. In practice the problem 
is not so acute since the constituents in seams of mafic minerals are in-
variably aligned parallel to the banding. In keeping with standard texts 
planar fabrics are denoted by the letter Subscript numbers, i.e. s3, refer 
to the period of deformation during whic he fabric was produced. 
2. Linear fahrics 
The term linear fabric is used t'o describe · all secondary linear features. 
These may vary from the alignment of mineral grains to the elongation of 
boudins derived from layers several metres in width. The most common linear 
fabric element is mineral alignment or the segregation of different mineral 
species to form discontinuous 'trains' on the foliation s~rface. Occasionally 
two such lineations may be found on a single surface (Plate 20). A ribbing 
is also commonly developed on foliation surfaces and this may vary from 
slight irregularities detectable by running a finger over the surface to large 
'macro-ribs' approaching folds (Plate 21). 
'Mullion' and 'rods' are to some extent overlapping terms used to describe 
linear structures produced either by the tendency of the rock1 to break up into 
pencil-shaped sections or the linear development of one rock type within 
another. Wilson (1953) restricted r odding to rocks where the material formin g 
the linear structure was introduced, e.g. quartz veins. This is a useful dis-
tinction in lower-grade rocks but be comes difficult to apply in migmatised 
terrains. Fold mullion occur when t he limbs of folded layers are tectonically 
pinched out during deformation leaving the hinge area isolated in the host rock 
(Plate 22). Cleavage mullions result from the intersection o~ a foliation and 
layering commonly producing linear s tructures with prismatic cross sections 
(Plate 23). Mullion structures can be more irregular and it may not be entirely 
clear whether folding or foliation intersection has exercised a 'greater in-





A linear fabric produced by ribbing on a foliation surface . The 
undulat ion of this fabric is produced by simple shear. Pella-
dr i ft Farm. 
Plate 22 . Fold mullions 
Nautsis Farm. 
represented by isolated fold hinge zones . 
Plate 23. Cleavage mullions produced by the intersection of a cleavage 
with layering. Nautsis Farm. 
Plate 24. Irregular mullion structure. Kum Kum Farm. 
\ 
Plate 25 . 
Plate 26 . 
Lineation produced by the elongation of megacrysts in the 
Beenbreek granite . Ondermatje Farm. 
Lineation produced by ellipsoidal sillimanite-muscovite knots in 
quartzo- feldspathic gneiss (Austerlitz formation)~ Orangefall Farm. 
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Boudinage results from the t h inning or necking at intervals of a competent 
horizon during deformation. The se gments of rock or boudins sometimes become 
comple t e l y s eparated cylindrical bodies (Plate i). One such boudin seen by 
t he writer me asured 12 cm in diame ter and over 4! m in length . . These boudins 
should not be · confused with a similar-looking end product which results when 
initially spherical or sub-spherical ob j e cts suffer a large cons t rictive strain. 
The . forme r are some times interpreted as .deformed conglomerate s (c.f. t he pseudo-
conglome r ates of Ramsay 1956) and as s uch woul d provide a very misleading fini te 
st.rain pattern. A common l i near fab ric is produced in the Beenbreek granite 
by the deformat ion of the megacrysts whi ch gives rise to eiongate augen when 
viewed on fo lia tion surfaces (Plate 25). The deformation of sillirnanite-
muscovite knots in the Austerlitz formation ·can also produce a lineation 
(Plate 26). Very rarely lineations are formed by the intersection of two 
foliation surfaces. 
Lineations are usually annotated 1 and the accompanying subscript indicates 
the period of deformation in which it is thought to have formed. 
3. Fo"lds 
Folds are bends in formally planar surfaces. In the Onseepkans area they 
vary from structures that can be traced for 40 km to folds that are only 
visible in t h in section. It should be noted that the definition of a fold 
is a geometric one. The definition ai so requires the pre-fold surface to be 
planar and it cannot be simply assumed that the surface defining a fold-like 
structure satisfied that constraint. Fold axes are traditionally annotated B 
\ . 
(Whitten 1966). '' ~ 
Several generations of folds have been identified in the study area and 
their supe rposition has produced excellent large-scale examples of fold inter-
ference patterns. Nine distinct types have been recognised,, by Ramsay (1967) 
and since these will be referred to many times in the text they are reproduced 
here in Fig. 25. 
The description and interpretation of minor folds will be dealt with 
separately in chapter VI and only certain aspects of fold development will be 
considered in this chapter. 
B. APPROACH 
There is a wealth of evidence to suggest that the rocks in the Onseepkans 
area have been deformed more than once. Such evidence includes the interference 
of f olds, or shear zones and folds, the reorientation of tectonic fabrics i.e. 
foliation and lineation on a mesoscopic and macroscopic scale and the in-
clusion of deformed rocks within unstrained intrusives. 
/ 
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a = angle between firs t fold ax is and 82 
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Figure 25. Interference patterns produced by the superposition of two sets 
of folds. After Ramsay (1967, p.531). 
The approach used in this structural analysis has been to identify major 
folds and she a r zones and to classify them into generations or episodes of 
deformation by observing t h e effects produced by their interference. Where 
f abric elements and minor folds can clearly be related to a major structure 
t hey too are sepa rated into different genera tions and are sometimes used to 
clarify the relationship between major structures. 
1. Data pr esentation 
Much of the structur al data gathere d during t he investigation is presented 
on Schmidt equal area orientation diagrams . In all cases the a rrow at the 
mar gin of the diagram denotes true north. The diagrams have not been conto.u r ed 
since this involves some de gree of subject ive interpretation. There has been 
no attempt to define episodes of deformation by the interpretation of t he 
pa tterns on t hese diagrams (i.e. 'crossed girdle' patterns). Such techniques 
of questionable validity since the diagrams in question are seldom subjected 
t, 
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to tests on randomness of spatial di stribution (Fairbairn 1949, Flinn 1958). 
In one publication crossed girdle patterns were defined on the basis of a 1% 
contour representing less than one r eading (Naha 1968). 
Dots on the orientation diagrams represent poles to foliation surfa ces, 
squares represent poles to fold axi a l planes, crosses represent lineations and 
circles represe~t fold axes. Great circles shown by dashed lines r epr esent 
fo ld axial planes (F.A.P.). Great circles representing the distri bution of 
fo lia tion data are shown as solid lines and the pole to .t his girdle defines 
t he TI axis. 
2. Suhdivision of the area 
Rather than treat the whole area in one section there will be a division 
into sub-areas over which there is a reasonable continuity of individua l 
structures. These sub-areas are not domains sensu Turner and Weiss (1963, 
p.20) but simply areas in which structural data may be discussed without the 
ambiguities introduced by poor outcrop. Three sub-areas have been defined. 
These are: 
(i) the area east of the contact with the Naros granitoid. 
(ii) the area along the Ham River north of the contact with the 
Naros granitoid. 
(iii) the area west of the contact with the Naros granitoid. 
The limited exposure at the foot of the escarpment forming the northern 
contact of the area will be dealt with under categories (i) and (ii) as the 
case arises. The limits of these sub-areas are shown in Annexure 2. A 
section at the end of each sub-area disc~ssion will deal with certain kinematic 
aspects. A fuller description of kinematics is given in chapters V and VI. A 
summary at the end will outline the possibilities of correlation between these 
three sub-areas. 
C. EASTERN SUB-AREA 
Several macroscopic folds up t o 15 km in length have been mapped in this 
sub-area. The interference of some of these folds on the farms Stolzenfels, 
Jerusalem and Jericho has given rise to e longate dome and basin structures 
(c.f. Annexure 2). The limb dips on these folds are steep and therefore they 
are not 'pseudo-folds' produced by the intersection of recumbant- f old crest 
lines with . the earth's surface (Donath and .Parker 1964; Weiss 1957, p.51). 
The macroscopic structural pa t tern can be interpreted in terms of twb 
intersecting sets of folds. More t han one possible interpretation is presen t ed 
by the data and Figs. 26 and 27 i llustrate the configuration of the fold axi a l 
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in the trend of individual fold axial surfaces exists. The axial trace of the 
Cobra synform, for example, shows a t rend of 135° in the south and a trend of 
180° in the north - a difference of 45° • . Xn interpretation B (Fig. 26) the 
extension of the Rooifontein synform must change in trend from 045° to 085° 
(a variation of 40°), in interpretati on A the extension of the Plessis syn-
form must change in trend from 115° t o 085° (a 20° variation). It is this 
known fluctuation in axial trend that admits various i nterpre tations for t h is 
macroscopic fold pattern. It must a l so be remembered that one of the two 
major rock types in this area is an i ntrusive rock (the Beenbreek grani,te) and 
does not occupy a single 'stratigraph ic' horizon. 
The elongation of the domes and basins ·. offers no assistance in this 
analysis . Their shape is entirely dependent upon the wave length , amplitude 
and persistence along trend of indivi dual folds. In this respect t he idealised 
fold interference patterns described by Ramsay (1967, pp.520-537), O'Driscoll 
( 1962 , 1964) and Turner and Weiss (1 963, pp. 129-143) in which consistency of 
elongation is shown are unhelpful (c . f. interference patterns presented by 
De Sitter 1952). 
Since the macroscopic pattern has no unique interpretation, recourse must 
be made to fabric elements associated with individual folds. 
In the hinge zone of the Plessis antiform and the Plessis synform a very 
strong linear fabric is present plunging at moderate angles to the southeast. 
This fabric is very well developed i n some localities and takes the form of a 
mineral alignment in the quartzo-feldspathic gneisses (Plate 27) completely 
obliterating the foliation in the ro ck. This lineation is unquestionably a 
B-lineation and it is parallel to the plunge of the major fold axes (Fig. 28) . 
The lineation is strongly related to .the degree of amplification of the folds \ 
and if followed along the axial trace~ it decreases in intensity both west-
wards towards the Keinab River and eastwards towards the Orange River. The 
linear fabric may disappear entirely in places and be replaced by a planar 
fabric which takes the form of planes of parting coinmonly described as fracture 
cleavage. This cleavage is parallel to the axial planes o~ the Plessis struc-
tures and cuts an earlier foliation which describes the folds in the quartzo-
feldspathi'c gneiss . 
If the linear and planar fabrics associated with the Plessis synform are 
followed in t h e direction of plunge a significant change in trend takes place. 
In the core of the synform the lineation trend is 120° but changes gradually 
to a more easterly direction as the Cobra synform is approached . Just west of 
the axial trace of this latter structure the lineation trend is approximately 
080°. Immediately across the axial trace of the Cobra synform the trend of 
t he lineation changes abruptly to approximately 010° The fracture cleavage 
patterns show a similar abrupt change in strike across the axial trace . Al-
though there remains the possibility that different fabrics are represented 
here, this is thought to be unlikely as no more than one lineation has been 
recorded in this locality . The change in lineation trend and fracture cleavage 
strike is strong evidence for the deformation of the Plessis fabric elements 
by the Cobra synform and therefore the Plessis and Cobra folds do not belong to 
the same generation. In the hinge zone of the Rooifontein synform the strong 
linear fabric in the nose of the Plessis synform is folded which .. suggests that 










areas of mutual 
synformal depressivn 
are.as of mutual 
antiformal culmination 
'Idealised' fold interfer ence patterns assuming the angle between 
the axial planes of the two fold generations to be 90°. These 
patterns refer to the interpretations shown in Fig. 26. A and B 
correspond to A and B in Fig. 26, abbreviations for folds same as 
in Fig. 31. 
Orientation diagram for lineations and poles to foliation surfaces 
in a 20 km2 area in the hinge zone of the Plessis antiform and 
Plessis synform. 156 poles to foliation surfaces and, 59 lineations. 
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A (Fig. 26) of the above alternative ~ is therefore favoured. The fact that 
fabrics associated with one set of f olds forming the dome and basin struc-
tures is deformed by the other suggests that the folds were not; produced 
contemporaneously in a constrictive strain environment (Ghosh and Ramberg 
1968). 
The folds comprising the youngest s et in this sub-area are the Cobra, 
Ro.oifontein and Ke inab synforms and the Keinab antiform. The earlier set 
compris es the Plessis and Thirst an t iforms and the Plessis and Shattered 
synforms. The axial trace of the Shattered synform is marked by a narrow belt 
of mylonite. When early folds are r efolded their axial surfaces may become 
the site of a major tectonic discont inuity. This results from a rotating 
shearing action that is caused by, what is in effect, two separate fold axes 
of the later fold corresponding to t he individual limbs of the early structure 
(Ramsay 1967, pp.546-548). 
A notable feature of the younger set of folds is the very wide vari at ion 
in axial trend that is exhibited ove r a relatively small area. The difference 
in trend of the southern section of the Cobra synform and the Keinab folds is 
about 75 ° and this change takes place within 15 km. This example strongly 
supports suggestions by Park (1969), Williams (1970) and Francis (1973, p. 185) 
that f old orientation should not be used as a basis for correlation. Tob isch 
et al. (1970) on the basis of very detailed work in the Scottish Highlands , 
have shown t ha t even the trend of young folds may vary by amounts comparable 
to the present example within 5 km (op. cit., p.256). The assumption by some 
authors that fold sets are essentially homoaxial over large areas of the crust 
must consequently be treated with some suspicion (Whitten 1966, pp. 45-48). 
1. Fabric elements associated 'wit h the earlier folds 
The strong lineation and the f racture cleavage in the hinge zones of the 
Plessis folds has already been ment ioned (c.f. Fig. 28 and Plate 27). Very 
few minor folds were found in the h inge zones of the major structures which 
is probably due to the lack of lithological variation, and hence ductility 
contrast in the quartzo-feldspathic gneiss. Where mafic horizons are en-
countered they are often strongly f olded but this can seldom be appreciated at 
outcrop scale. The relationship be tween the mafic horizons and the quartzo-
fel dspathi c gneisses is not consis tent. In the majority of cases these horizons 
are conformable with the foliation in the gneiss even in the hinge zones of the 
Plessis folds, which shows that they predate the earliest macroscopic structures 
encountered in the sub-area. However, in some cases the foliation in the 
gne iss abuts against the mafic bodi es (Fig. 29). This is observed where the 
mafic rocks have an isotropic fab r i c and show little or no signs of retrogres -
sion to amphibolite facies. This can be an intrusive cross-cutting relationship 
but it is suggested that it may als o be due to the fold forming mechanism (see 
section IVC4) . Where comple te r e trogression of the norites to amphibolites has 
taken place a planar fabric is always present and this shows one of three re-
lationships to the surrounding gne i sses: 
Plate 27. Well developed linear f abric in the hinge zone of the Plessis 
antiform. Stolzenfels Farm. 
Plate 28. The leucosome on the r i ght hand side appears to be post-tectonic 
(i.e. intruded into the foliated rock) but on the left it can be 
seen that the foliation forms an axial plane cleavage on folds 
defined by the same leucosome. Keimasmond Farm. 
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(i) the foliation in t he amphibolites is parallel to the contacts 
of the body which are, i n turn, parallel to the foliation in 
the gneisses (Fig. 29c). This is the usual case: 
(ii) the foliation in the amph ibolites is parallel to the contacts 
of the horizon which is not parallel to the foliation in the 
surrounding gneiss (Fig. 29b)~ 
(iii) the foliation in the amphibolite is not parallel to the contacts 
of the horizon but is par allel to the foliation in the surrounding 
gneiss (seen in only one case, ~ig. 29a) 
No penetrative axial plane fo l iation was found in the amphibolites in the 
hinges of the Plessis folds and it appears t hat cases (i) and (iii) reflect a 
period of penetrative deformation t hat took place prior to the development of 
these structures. Case (ii) is mo r e difficult to explain but a possible 
interpretation is given in section IVC4 (kinematics). 
2, Fahric e lements and structures associated with the later folds 
The Cobra synform is the most useful structure for identi fying youn ge r 
fabrics . The deformed Beenbreek gr anite in the fold core carries abundant 
leucosomes and remnants of pre-tect onic rocks which have well preserved defor-
mational features. The orientation diagram (Fig. 30A) for the southern end of 
this synform shows a scatter of po l es to fold axial planes along the great 
circle girdle weakly defined by po l es to foliation which probably indicates 
deformation by the later structure . The exact direction of plunge of the 
Cobra synfo rm cannot readily be measured in the field and this makes on-site 
identification of fabrics associated with the fold difficult. There appears 
to be a preferentially developed l i near fabric in ·the fold hinge defined by 
the alignment of sillimanite which is approximately parallel to the IT axis 
obtained from the orientation diagr am. The northern end of the Cobra synform 
(Fig. 30B) in the Beenbreek granite is poorly exposed and the few foliation 
readings here merely reflect the i s oclinal nature of the fold. Some isoclina l 
mesoscopic folds and a weak foliation are present in this locality and show 
a plunge to the southeast. These are undoubtedly related to the northern 
closure of the synform. 
On the basis of this fold it can be shown that a hinge-zone lineation is 
characteristic of both the older and younger structures although the linear 
fabric associated with the Cobra synform -is not as strongly developed as that 
associated with the Plessis folds. In the core of the Rooifontein synform there 
is again ~vidence for a lineation associated with the fold but the predominant 
linear fab ric here is quite obviously related to the adjacent Plessis antiform. 
This lineation is folded in the synform which has ensured a wide scatter of 
lineations in this locality (Fig. 31~). All the folds recorded here appear to 
be related to the Plessis antiform since their axial surfaces show no relation-









Figure 29. Relationships between maf ic horizons and quartzo-feldspathic 
gneisses in the eastern sub-area. 
b) 
e) 
a) foliation penetrative through mafic rock and gneiss-foliation 
in mafic rock not paralle l to the contacts; b) foliation in mafic 
rock and gneiss with dif f erent orientations - foliation in mafic 
- rock parallel to contact ; c) foliation in mafic rock and gneiss 
parallel and parallel to the contacts; d) unfoliated and boudinaged 
mafic rock; e) un f oliat ed mafic rock - foliation in gneiss not 
parallel to the contact. 
Linear f abrics show a small but perceptible change in orientation across 
the Keinab synform and the scatter of points on the orientation diagram (Fig. 
31 B) is much smaller. Unlike the two younger synforms described above the 
trend of the Keinab synform is approximately perpendicular to the older folds 
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and therefore no change in trend of t he deformed lineation can be expected 
across its axial trace. No lineation and no minor folds were. found in the 
hinge zone. The 'bulls eye' plot for foliation data illustrates an isoclinal 
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Figure 30. Orientation diagram of dat a collected from the Cobra synform. 
A. a 4 km2 area in Beenbreek granite representing the southen1 
half of the synform. 50 poles to foliation surfaces, 14 poles 
to fold axial planes, 14 f olds axes, 15 lineations. B. a 2 km2 
area in Beenbreek .granite representing the northern half of the 
Cobra synform. 15 poles .. to foliation surfaces, 4 poles to fold 
axial planes, 3 fold axes. 
3. Extension of interpretation to the remainder of the s ub- area 
If the contact between the Beenbreek granite and the quartzo-feldspathic 
gneiss on the eastern margin of the Cobra synform is the same as the contact 
about 1 km to the east (Fig. 26), it is obvious that either a major antiformal 
f o ld hinge or a tectonic break must be present in the area. However, no 
antiformal axial trace could be placed in this strip of quartzo-feldspathic 
gneiss but the following evidence suggests that it may be present. In the 
south especially there is a marked change in the lineation orientation from a 
northerly p lunge in the west to a southerly plunge in the east. This change 
in orientation is similar to that encountered in traversing the Cobra synform 
and is most easily explained by the pr esence of a fold. North of the project-
ing 'tongue ' of Nama quartzites, evidence for a fold hinge can be fo und (point 
X, Fig. 35), sillimanite-rich horizons and amphibolite in the quartzo-feldspa-
thic gneiss here define the hinge zone of a fold which plunges .about 25° to the 
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Figure 31. Orientation diagrams of data collected from the Rooifontein and 
Keinab synforms. A. 9 km2 area representing the hinge zone of 
the Rooifontein synform. 50 poles to foliation surfaces, 4 
poles to fold axial planes, 5 f old axes, 12 lineations. B. 2 km2 
area representing the h inge zone of the Keinab synform. 46 poles 
to foliation surfacei, 16 lineations. 
northeast (Fig. 32). The lineation , here the alignment of sillimanite and 
hornblende is strongly related to t~e plunge of the major structure and does 
not appear to be the product of an earlier period of deformation. A weakly 
developed planar · fabric is also f ound in parts of .this fold hinge. Minor 
folds are uncommon. On the basis of this hinge zone and the deformed linea-
tions seen farther south, an antiformal axial trace (the Jericho antiform), 
is proposed, trending parallel to the Cobra synform axial trace south of this 
locality to the Orange River. · In some outcrops two lineations are present 
and t his corroborates the suggestion of an overprinting of the older linear 
fabric. Such outcrops may be found along the steep, metalled incline on the 
road connecting the farms Jericho and Komsberg. 
East of the norite body on Stolzenf els Farm (SIV) a large synform is 
present trending 135° and plunging steeply northwest. The change in orienta-
tion of the lineation around this fold is readily seen on the accompanying 
geological map and on the orientation d{agram (Fig. 33). This again suggests 
t hat t he linear fabric has been deformed by a fold . The axial planes of minor 
folds have a dispersion similar to the f oliation defining the synform (Dead-
End synform) which also suggests that they have been refolded. No linear or 
planar fabrics are developed in the hinge of this synform. 
In the extreme east of the area a small elongated dome has been mapped 
adjacent to the Dead-End synform (s ee Fig. 35). From the disposition of the 
lithology it seems reasonable to as s ume that this structure is the result of 
two intersecting folds, one .approximately concordant with the Dead-End synform 
Figure 32. Orientation di agram of 
data collected from a I km2 area in 
t he hinge zone of the Jericho anti-
form. 59 poles to foliation surfaces. 











\ )( )( )( 




















Fi gure 33. Orientation di agram of data 
co llected from a 55 km2 are a r epresent-
ing t h e Dead-End synform. 36 poles to 
foliation surfaces, 3 poles to fold 
axial planes, 7 fold axes, 20 linea-
tions. Field outlined by dashed line 
contains fold axes and lineations re-
presenting the western limb of the syn-
form 
and one trending east-west. Using the interpretation derived above it might 
be expected that any linear fabric would be parallel to the axis of the 
older i.e. east-west trending fold. It can be seen from the map, however, 
that there appears to be some variat ion in lineation trend across this older 
fold axial trace. In the south, a l ong the Orange River , the lineation plunges 
northwest but towards the escarpment , across the axial trace, the plunge is 
north-no rthwest . This may indicate that the lineation here is older than eithe r 
of the two fold generations forming the dome and basin structure in the eas t e rn 
sub- area. Since both fold directions are defined by a foliation produced by 
augen- alignment there is clearly evidence_ for this pre-fold deformation period . 
However, it may be that this lineat i on is connected with the older of the two 
folds but .not as a B-lineation, i.e. not parallel to the fold axis (see section 
IVC4) . 
I mmediately east of the homes tead on the farm Jerus a lem there is a north-
east trending elongate basin. The direction of elongation and general shape 
of this structure is identical to the dome pro duced by t he intersection of t he 
Keinab and Thirst antiforms 3 km away . The two generations of folds producing 
t his basin are therefore probably the same. The northeast trending axial trace 
(Goat synform) separates two areas, each with a characteristic lineation 
pattern. West of the axial trace lineations plunge east but east of the axial 
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trace the plunge is exactly opposed, implying that the linear fabric is 
deformed about the synform. No linear or planar fabrics have been found 
associated with the Goat synform. Abundan t mesoscopic folds near the centre 
of the basin appear to be related t o the older (pre-Goat synform) fold. These 
folds show no axial plane foliation but their axes are parallel to the linea~ 
tion . The GOat synform is probably the major synform east of the Keinab 
antiform, the Keinab synform being a local, parasitic, structure and there is 
evidence that its axial trace extends both t he northeas t and southwest. At 
the western end of the norite body on the farm Ondermatj e the fol iation orien-
tation suggests a poorly defined hinge zone which may be part of the Go at syn-
f orm and to the northeast isolated outcrops near t he Ke inab Rive r also sugges t 
a continuation of the synform. The axial planes of minor folds in the latter 
locality have a fairly uniform southeasterly strike which is parallel to the ' 
strike of the older folds in the area. However these folds deform a lineation 
at this locality which therefore suggests the possibility that three linea-
tions of different ages are present in the eastern sub- area. Although the 
trend of these minor folds is fairly constant it can be seen from the accom-
panying geological map that their direction of plunge is variable. This may 
be. due to fluctuations in the dip of pre-fold surfaces as illustrated in Fig. 
34. 
Figure 34 . Opposed plunge direction s of a second generation of folds (B2) 
caused by variation in t he orientation of the planar surface 
related to an earlier fold (B1). 
Using air photos and data from unpublished geological survey maps an inter-
pretation is given below (Fig . 35) of the entire eastern sub-area including the 
exposed country south of the Orange River. Two sets of macroscopic folds can 
be identified and it appears that t he variability in trend of the younger folds 
may be due to the presence of large rigid bodies especially the norites and the 
Naros granitoid. The older fold se t has approximately an easterly or south-
easterly trend with vertical axial planes. The younger set has a northwest 
trend and they are predominantly ove rturned. isoclinal f olds with axial planes 
dipping steeply towards the east . I t is not possible to give the original 
direction of plunge of either fold generation since the disposition of the fold 
axes is largely the result of their mutual interference. 
Both sets of folds have associ a ted B-linear fabrics. The older lineation 
appears to be very common and is str ongly developed in the hinge zones of the 
larger amplitude older folds . The B-lineation of the later folds is found only 
in some hinge zones. There is evidence from some localities that a linear fabric 
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exists which predates both these f old sets. 
The older of the two fold sets deforms a planar te¢tonic fabric which, 
in one case, seems to be a penetrat ive axial plane foli~tion in folds defined 
by amphibolite horizons. This fol i ation may be the same as that developed in 
the Naros granitoid. Traced outwar ds from the grani toid the foliation has 
an identical trend to that in the augen gneisses along the lower reaches of 
the Ham River . Rocks in this local ity are separated from the remainder of the 
sub- area by a zone of mylonite (the East Arm mylonite belt) which prohibit s 
an unqualified correlation , but the foliation on ei the r side of the zone has 
an identical orientation. Howeve.r , a maj._or deformational episode post-dating 
the intrusion of the Naros granito i d but predating the macroscopic folds which 
now control the geometry of the eas t_ern s'ub-area is clearly implied. 
It has been demonstrated (c.f . Table 12) that a planar fabric produced 
by augen alignment pre-dated the i ntrusion of the Naros granitoid . It has now 
been shown that an identical planar fabric was produced afte r the intrusion of 
the Naros granitoid. This clearly shows that the similarity of such fabrics ' in 
the s ame rock type is not sufficien t justification for their correlation. 
Neither of the major fold gene rations has produced a penetrative planar 
fabr ic. The older set (typified by the Plessis folds) has a non-penetrative 
fracture cleavage and the younger s et (especially the Jericho antiform) has a 
weakly developed axial plane cleavage in places. With some minor folds in the 
augen gneisses an incipient axial plane foliation is produced by the reali gn-
ment of augen in the fold hinge are as . This only becomes apparent in iso~ 
clinal folds and is clearly not penetrative. 
Table 14 presents a sunnnary of these conclusions 
TABLE 14 
Summary of structures and fabric elements ~n the eastern sub-area 
Folds with trend varying from southwest to southeast -weakly developed 
lineation - weak planar fabrics - mylonites along early fold axial trace 
Folds of variable orientation but generally east or southeast - linear 
fabrics. - non-penetrative planar fabrics 
Naros granitoid 
4. Aspects of the kinematic interpretation ~n the eastern sub- area 
The kinematic analysis presented here is confined to a description of the 
relationship between certain fabric elements and the associated major folds . 
form lines 
axia I trace of late fo ld 
---- axia l trace of early fo ld 
t synlorm 
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Figure 35. The macroscopic folds of the eastern sub-area. South of the 
Orange River the interp r etation is based on data collected from 
air photographs and unpublished official maps. 
It was stated earlier that the r~ appeared to be a change in the type of 
fabric elements encountered across the hinge zone of the Plessis antiform. 
This variation in style and intensity of the development of the f abric 
elements can readily be explained by the behaviour of the competent quartzo-
feldspathic gneisses during the folding process (Fig. 36). Dieterich and Carter 
(1969) have shown that there is a s i gnificant change in the orientation and 
magnitude of the principal stresses during the buckle folding of competent rocks. 
The maximum principal compressive stress (81) increases in amount in the: inner 
/ . 
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arc of the fold relative to the fo l d l imbs and is proportional to the amplitude 
of t h e fold. Above the neutral surface t he magnitude of 01 drops rapidly and it 
is oriented at right angles to 01 below the neutra l surface. In isoclinal folds 
Oz will have approximately the same magnitude as 0 1 and 03 will b'e parallel to · 
the fold hinge (op. cit., p. 147). This expla ins why recrystallization is so 
l ocalised in many folds and why , as i n t he case of Ples sis structures, t he r e is 
a mar ked change in the fabric elements in passing across t he hinge area f r om t he 
inner to th e oute r arc. The Thirst an tifonn which is as sociat ed with the Pl essis 
structures has a poorly developed fab r ic whi ch coul d be exp l ained a ccordi ng to 
this model by the low amplification of the fold and, the r e fore , . t he low mag-
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Figure 36. The distribution of stress in the folding of a competent layer 
by tangential longitudinal strain. Orientation and frequency of 
dashed lines reflects orientation and magnitude of o1 • After 
Dieterich and Carter (1969 ) . 
I t was a l s o shown in the descript i on of the Plessis folds that the orienta-
tion of the planar fabrics in the mafic · rocks and the quartzo-feldspathic 
gneisses was inconsistent (Fig. 29). I t is now suggested that this can be 
unde rstood if the competence contrast be tween the gneisses and the mafic rocks 
i s taken i n to account. In most cases i t is the mafic horizons that show bou-
dinage indi cating that they have behaved more compe tently than the host rocks 
(Ramb erg 1955). Some retrogressed nori te bodies may, however, have deformed 
in a less competent way than t he surrounding gneisses. The effect of changing 
metamorphic grade on t he behaviour of dykes during deformation has been dis-
cussed by Francis (1973) and Coward (1 973a). They found that the retrogression 
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of a granulite-grade dyke to amphibolite f acies resulted in its behaviour as 
an incompetent horizon relative to the host rocks during deformation. If 
this is applicable to the Jericho amphibolites certain conclusions can be drawn 
about t heir rheological behaviour during t he f olding process. It is most 
like ly t hat . t hes e horizons have deformed by fl exural flow (Ramsay 1967, pp . 
39 1-397) and areas of gre ater strain will t he refore be l oca t ed on th e f ol d 
l imbs. When th e folds appro ach an isocl i na l sh ape t he XY p l ane of the s t r a in 
el lipsoid is oriented a t a ve ry low angl e to t he l aye ring and the cleavage 
can de ve lop almost paralle l to t he cont acts of t he horizon (F i g . . 37 ) . The 
fo li ation in t he comFetent rocks de formi ng by tangential longi t udinal stra i n 
(i n t h is cas e t he quartzo-feldspathic gneisses) wi l l s til l be f orming a t a 
high angle to the layering (Ramsay op. cit., pp. 403-405 and Fig. 7- 83). Thi s 
proce_ss will produce the fo_liation pattern described in .cas e (ii) above (I II Cl ). 
Unretrogressed norite horizons are p:rnb ably less ductile than the quartzo-
f e ldspathic gneisses (Coward 1975a, p. 144) and they would therefore fold by a 
mechanism of tangential longitudinal strain. In this type of fold deformation 
is restricted to the hinge zones (Ramsay 1967, Fig. 7-63) and the limbs simply 
rotate. The foliation in the surrounding, more ductile, gneisses will form 
a t a low angle to the norite horizon on the fold limb (Figs. 29e and 37B). 
This will give the appearance of an intrusive relationship. Similar problems 
are encountered in migmatites where leucosomes appear to intrude a t e ct onic 
fabric (Plate 28) but where the leucosome is folded it can be seen that the 
fabric forms an axial plane foliation. 
I 
I 
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Figure 37. Variation in the relationship of mafic bodies to quartzo-feld-
spathic gneisses. A. Foliat~on in mafic rock parallel or sub-
parallel to the contacts of the body while foliation in the gneiss 
is at a high angle to contact. (After Ramsay 1967, Figs. 7-68 and 
7-83). B. No foliation in mafic body, foliation in the gneiss at 
a low angle to contact. 
In certain localities on Stolzenfels Farm sub-parallel anastamosing 
amphibolite dykes in quartzo-feldspathi c gneiss show different de formational 
features. It is not unconnnon for some of these dykes to exhibi~ folding while 
the others do not and for some to be parallel to the foliation while the others 
intersect it. In the hinge zones of the Plessis folds amphibolite dykes 
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arallel to the axial planes appear as unf olded linear horizons up to 1 km 
)ng intersecting folded amphibolites. These examples might suggest that more 
.1an one generation of dykes are represent ed but no field eviden~e for two . 
ene rations was observed. An adequa te exp lanation for this· phenomenon can be 
)Urid in t he orientation of these dykes r e lative to the principal axes of the 
i nite s t r ain .ellipsoid. Dykes originally parallel to the axial planes of 
1es e fol ds (the KY plane of t he ellipsoid) sur vived t he fol ding process 
i nce t hey have always rema i ned in t he field of extension . Where an unf olded 
yke is f ound adjacent to one folde d it is proposed that the surface of no-
ini te-longitudinal-strain lies between them (Talbo t 19 70) , the unfolded dyke 
: i ng si t uated in the extension f ield and the f olded dyke r epres enting t he 
) mpres s ion field. This principle is well illustra t ed in Pla te 29 showing 
YO intersecting neosomes in deformed Beenbreek granite. One neosome is 
)lde d while the other, being parallel to the axial plane of the folds, shows no 
.ridence of deformation. Talbot (op. cit., Fig. 1) has found that veins or 
rkes in the extension field commonly show no evidence of extension such as 
: eking or boudinage and he has proposed t hat they have thinned uniformly. 
In t he dome-shaped structure east of t he Dead End synform it was · seen that 
1e lineation appeared to .be unrelated to e ither of the two fold sets. Although 
1is linear fabric may belong to an earlier period of deformation an expl anation 
1n be found in the nature of this fabric e lement. The augen who se e lon ga tion 
: f i nes the lineation may be envisaged as viscous elliptical particles i n a 
luid matrix. Gay (1968) has shown that under these circumstances the par-
Lcles will not only change shape during de formation (pure shear) but will 
lso rotate parallel to the long axis of t he strain ellipsoid. The orientation 
.f the folds in question with respect to t he strain ellipsoid is not known 
it parallelism of the fold axis with the X-direction is perhaps an uncommon 
~se. It therefore appears quite reasonable to suggest that a single period 
{ deformation will .not produce parallelism between the long axes of augen 
1d the fold axis. 
D. NORTHERN SUB-AREA 
This sub-area is restricted to the exposed bed rock approximately follow-
g the course of the Ham River as far south as the Naros granitoid. 
The dome and basin structures which dominate the geometry of the eastern 
1-area are entirely absent. Seen here are a series of isoclinal folds with 
,ckened hinge zones whose trend is approximately parallel to the Ham River. 
main folds are from north to south, the Uheib antiform, the Stinking Water 
iform, the Lost Cat synform, the Bushman antiform and the Ham fold (c.f. 
xure 2). In the southern part of this s ub-area the trend of the folds is 
Jximately 165° and in the north 110°, a difference of 55°. 
Although the dome and basin interference patterns are not seen, the exis-
= of other interference patterns may no t entirely be ruled out-. North 
he West-Arm mylonite belt as far as the homestead on the farm Ondermatje 
Plate 29 . Two contemporaneous neosomes in the Beenbreek megacrystic granite . 
The one trending from top to bottom of the photograph appears 
undeformed while the other is folded. 
?late 30. Two generations of isoclinal folds forming a fold interference 
pattern. The hinge zone of the early fold is seen to the left, 
and slightly above the clipboard. Velloorsdrift Farm. 
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(approximately opposite the name Duurdrift Sud 78 - see map) the folds show a 
fairly consistent trend and plunge north at about 30° (Fig. 38A). There is 
very little evidence here that more than one generation of macroscopic folds 
is present. On the eastern limb of the Stinking Water antiform a fold-like 
structure is defined by foliated Beenbreek granite and augen gneisses. Al-
t hough the disposition of these fo rmations simulates a fold, a hinge zone 
could not be conclusively identified and .in all probability the pattern 
r es ult s from an irre gular i ntrusion of grani te . The inte r pretation of narrow 
hori zons of metamorphic rocks as isoclina l f old h inges appears to be a fai rly 
common procedure but often the structural evi dence i s not iceably l acki ng or 
no t p r e sented (Scotford 1955, Sturt 1961, Goldsmith 1961) . Th i s emphasises 
t he ne cessity of identifying folds on -structural , rather than lithological 
criteria . 
Followed northwards it is evident t hat t he homoaxial fold pattern no 
longer exists~ Apart from the obvious change in trend from north-south to 
northwes t -southeast (Fig. 38B) there is also an indication that the direction 
of plunge changes. Near the homestead on Bokiesbank Ost Farm, the hinge zone 
of the Ham fold clearly defines a synform plunging steeply to the southeast. 
This suggests that the Ham fold may belong to a different generation than the 
northward plunging folds farther south and that type-I (Fig. 25) fold interfer-
ence pattern may be present. None of the northward plunging folds are, however, 
ac tually traceable around the Ham synform and the situation is s omewha t com-
plicated by the nature of the Ham synform itself. On the farm Bokiesb ank 
West (approximately opposite the name Ham Rive r on the geological map) the 
probable continuation of the Ham 'synform' clearly defines an antiform 
plunging northwest. There is evidence, therefore, that the Ham fold does not 
only vary in trend but also in plunge and closure which makes it less easy to 
distinguish from other folds in the sub-area. The fact that both the 'anti-
f ormal' and 'synformal' variations or the Ham fold are found in the same north-
west trending segment shows that t he change in trend is not responsible for 
this variation. It :was suggested in the discussion of the eastern sub-area ' . 
that the variation in plunge direct ions of minor folds co~ld be related to 
the pre-fold geometry, i.e. the orientation of the surfaces resulting from 
a period of deformation predating t he existing folds. This same mechanism 
may be invoked to explain the plunge fluctuation of the Ham fold. Evidence 
is given below for the existence of a deformation phase older than that res-
ponsible for the macroscopic struct ures which now exist. 
South of the West-Arm mylonite belt the geometry of the rocks appears to 
be controlled by an antiform (Uheib antiform) trending north-northeast and 
plunging at moderate or shallow angles to the south-southwest. The continua-
tion of this fold is difficult to p la~e on the map since the local geology is 
greatly complicated by the intricate association of granitoid and host rock 
forming the Naros complex. The West-Arm mylonite belt effectively separates 




1. Fabric elements 
Between the West-Arm mylonite be lt and the homestead .on Ondermatje Farm 
a f airly clear picture is obtained of the r elationship between t he macroscopic 
and t he fabr ic elements. 
None of the large st r uctures in this area has an asso ciated planar fabric 
but a lineation defined by mineral ali gnment and augen elongation is con-
spi cuous in some h inge zones (especi ally the St inking Water antiform) and is 
quite obviously related to the plunge of t he folds . In Fi g . 38A t he IT axis 
shows a strong relationship to these h inge ·zbne lineations . Many of th e line a-
tions on the limbs of t hese f olds do not show such a c lear retionshi p. There 
are indications here that t hese folds deform an olde r linear- fabric as was seen 
in many of the macroscopic fo l ds in the eastern sub- area. The lineation on fold 
limbs plunges fairly consistently north on t he western limbs of antiforms and 
east or southeast on the eastern limbs . The wide scatter of lineations in Fig . 
I 
38A reflects this deformation . 
Considering the fact tha t two linear fabrics must be present, one associa-
ted with t he macros copic f olds and one wh ich predates t hem , there are surpris-
ingly few out crops where two lineations could be r ecorded . It has been noted 
by Lisle (1974) that in mos t areas of basement rocks only one lineation i s 
normally f ound whi ch has been i n t e r preted by many authors as the 'over print-
ing ' of the earlier lineation by a l ater fabr i c . However, Lisle (op . cit .) 
points out that if lineat ions do no t behave as passive markers during later 
deformation t hey will be rotated according to the orientation and magnitude 
of the pr inciple strains during the later event . This mechani sm is attractive 
in that it explains the absence of t wo linear fabri cs in this locality . 
To c larify the lineation prob l em techniques offe red by Ramsay (1963) and 
El liot (19 65, 1968) to rationalise complex lineation patterns were applied . 
Thes e techniques involve t he plotting of lineations as a function of their 
pi tch on the f oliat ion surface or t he angle they subtend w
1
ith later folds . 
No meaningful results were obtained from these me thods and ' this is probably 
due to t he insufficient data since Elliot ( 1968 , p . 171) men tions data 
density in t he orde r of 102 readings per 1 km2. This detail could not be 
attai ned in t he present investigat ion. Ghosh (1 974) has also pointed out that 
pre- fold layer- parallel shor tening results in the deformation of lineations 
and produces mo re complex patterns than would be expe cted from fold i ng alone. 
South of the West- Ar m my lonite belt the Uhe ib antiform appears t o de f orm 
a linear fabric in the manne r des cr ibed be
0
fore. There is also evidence for a 
linear fabri c parallel to the plunge of the fold (Fig . 39) . 
The relationship between the Naros granitoid and other formations can 
better be ~bserved here than on the eastern side of the body. I n many places 
the granitoid intrudes other pre- and syn- t e ctonic gne i sses and t here can be 
little doubt that t he foliation defining the Uheib antiform is not the same 
as that found in the granite . In some outcrops, however , a single cleavage 
is seen to be penetrative through the granitoid and host rocks demonstrating 
that both the granite and the surrounding rocks have been sporad~ cally re-
f oliated . There is no evidence in the f i eld or in thin section that the mineral 
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Figure 38 . A. Data collected from an 80 km2 are a between the West-Arm 
mylonite belt to approximately the position of t he name Durrdrift 
Sud on the geological map . . 132 poles to foliation surfaces. 
7 poles to axial planes · 11 fold axes, 73 lineations. B. Data 
collected from a 240 km2 1 area along the Ham River north of the 
name Duurdrift Sud. 119 poles to foliation surfaces, 4 poles to 
fold axial planes 2 fo l d axes , 43 lineations . . 
parageneses defining the two folia t ions are different in metamorphic grade. 
Such variable contact relationships 'illustrate that care must taken in inter-
pre ting 'regional foliations'. If only refoliated contacts were seen in the 
cours e of fieldwork , for example, this would fundamentally affect the relative 
age ascribed to the regional foliation in the surrounding gneisses . In dis-
cus sing the eastern sub- area it was mentioned that the foliation along the 
entire easte rn contact was conformable with that in t he surrounding gneisses 
and it was suggested that the foliation in the whole sub-area could be the 
same as that seen in the granite . This conclusion is not compatible with the 
interpretation of the northern sub- area and it would not be logi cal to pro-
. pose that the foliation in the no r thern and eastern sub- areas are separate 
entities. · It is therefore propos ed, following the more persuasive evidence 
along the Ham River , that the fol i at ion between the granite and the East- Arm 
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Figure 39. Orientation diagram for data collected from a 35 km2 area south 
of the West-Arm mylonite belt and representing the Uheib antiform · 
and its possible extension. 75 poles to foliation, 8 poles to 
fold axial planes, 8 fold axes, 37 lineations . 
2. Swronary and aspects of the kinematic interpretation 
·, 
There is evidence for one set of macroscopic isoclinal folds in the nor-
thern sub- area. An older period of deformation is indicated by the foliation 
defining the folds and a linear fabric which is deformed around the large 
structures. A linear fabric is deve l oped in the hinge zones of the large folds 
but not planar fabrics. Some refolia tion of the layered gneisses is indicated 
in contact zones of the Naros granitoid which show a penetrative foliation com-
mon to both granite and host rocks . 
The Naro s complex is separated f rom the surrounding rocks by two mylonite 
belts - the West- Arm and East- Arm my l onite belts . Such zones are common around 
i gneous intrusions and result from the different behaviour during deformation 
of layered ~ocks and intrusives which act as rigid incompressible bodies . 
During deformation high shear stresse s and shear strains are developed at the 
contact of the rigid or more competent rocks (Stromgard 1973 , p.232; Ramsay 
1967, p.394) . In layered rocks this produces features known as tectonic slides 
and bedding plane trusts whereas around intrusive bodies the same features are 
usually termed 'shear zones' . 
Approaching the Naros granitoid from the north a marked change in the 
trend of the folds takes place from east-west to approximate;J..y north- s outh, 
roughly conformable to the outline of the intrusion. This cµange in trend is 
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not due to any identifiable refolding but probably reflects the presence of the 
large intrusive mass which has controlled the structural pattern. Similar 
effects have been noted by Ramsay (1 963b) around t he external massifs of the 
Wes tern Alps and by Nicholson ( 1965) around mantled gneiss· somes · in Uganda. 
Ramsay (1967, p.386) has suggested t hat all mantled gneiss domes are an ex-
pres sion of this same controlling influence . 
E. WESTERN SUB- AREA 
This is the largest of the three sub-areas and it also has the most comp l ex 
structural framework. The geometry is dominated by a northwes t trending shear 
zone (Pofadde r ZAHNCAFS) of continental proportions. There is some evidence 
to suggest that this shear zone involved the production of severa l large north-
eas t trending antiforms name ly the Jackal, Ostrich, Mission and Falls anti-
forms and a major synform, the O'Connell synf orm (see Annexure 2) . The shear 
zone and these large structures are best discussed separately and will be dealt 
with in the foll owing chapter. In this section the structures pre- dating t he 
deve lopment of the Pofadder ZAHNCAFS will be described. ' 
Even though younger folds are c learl y defined this does not si gni f ican t l y 
help to recognise older structures . In fact, the tightening and reorientation 
associated with the development of the ZAHNCAFS, especially in the southern 
par t of the area, makes it extremely dif f icult to succ8ssfully trace older 
f olds . The description of the older folds will therefore ·be confined to thos e 
folds and associated fabric elements which are visible in the northern part of 
the sub-area. 
Nowhere is there evidence for macroscopic interference patterns resulting 
from the intersection of folds predat ing the late northeast trending ZAHNCAFS 
' r e lated folds . Examination of mino r structures, however, show that not all of 
these early folds belong to the same generation. At least two sets of early 
macroscopic folds are indicated. 
The largest of the older struct ures is the Leopard synform, an isoclinal 
northerly plunging fold featuring h i ghly deformed rocks lying between the Fall s 
and Mission antiforms (Annexure 2). On f irst inspection it might appear that 
this synform is a predictable fold s tructure linked with the bounding antiforms . 
The distinction in structural style, with hi gh ly de f ormed rocks in the synform 
and weakly deformed rocks in the an t iforms, is not sufficient evidence in it-
self to contradict this interpreta t i on (Ramsay 1967, pp . 382-384; Coward 
1973b) . The difference in age can be demonstrated quite clearly by the fabric 
elements, especially the axial plane foliation in the synform which is folded 
around the nose of the Falls antiform. 
The Leopard synform is unique in t he Onseepkan.s area since it is t he only 
macroscopic fold with an extensively developed axial plane foliation. The 
f old is also notable for the vast amount of neosome material found in its hinge 
zone. The relationship between neosome, meososcopic folds and axial plane 
,_ 
Figure 40 . 
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. folia tion is we ll illustrated in Fig . 40 which repre-
sents an outcrop on the farm Velloorsdrift. 'Intra-
folial folds' - fo l ds with thickened hinge zones and 
discontinuous l imbs - are defined by- variations in 
lithology withi n the augen gneisses . In some of the 
horizons forming the f olds, foliation is s een para lle l 
to t h e contact but t h is is entirely subordinate to t he 
foli ation in t he augen gneis s es which is nearly every-
where para l lel to t he fold axial planes . At l eas t two 
cross cutt ing se ts of neosomes are pr esent in thi s out -
crop, while els ewhere· cross- cut t ing neosomes of up to 
five distinct ages have been re corded. The fold axi al 
p lanes and fold axes de f ined by both generations of 
neosome are related to the folding of the layering, and 
both neosome and l ayering share a corm:non axial plane 
cleavage produced by the alignment of augen. None of 
the folds refold any other fold or deform the axial 
plane cleavage . The older neosome bands show isoclinal 
folding similar to t hose defined by the layering while 
the younger neosome bands show folds with less acute 
dihedral angles. 
There is a very strong relationship between the 
lineations and the axis of the Leopard synforrn. Rods 
formed by isolated neosome fold hinges (intrafolial 
folds), mullions and boudins are very common and these 
are accompanied by a pronounced mineral lineation. 
There is no evidence that this synform folds an early 
linear fabric, ,although a. traverse across the synform 
in the vicinity of the Rooimond River shows a great 
diversity in the orientation of the lineation which is · 
due to the obvious re f olding effects of the Pof adder 
ZAHNCAFS fold structures. 
Due north of Onseepkans, along the Velloor River 
Valley, the intrafolial and isoclinal folds described 
above are seen to be refolded by mesoscopic tight-to-
isoclinal fo l ds associa ted with the Bushman Hills anti-
form (Plate 30) producing type-I interference patterns 
(Fig . 25) . This structure therefore post-dates the 
Leopard synform and provides evidence for a second 
episode of folding _in the western sub-area. 
This second generation of mesoscopic folds varies 
from tight-to-isoclinal . A linear fabric is present 
parallel to the fold axes but seems to be confined to 
Typical effects of deformation in the core of the Leopard synform. 
The stippled and ruled horizons are biotite gneisses of differing 
composition . The area of dashed lines represents augen gneiss. 
Heavy black lines . are mi gmatite neosomes. ' 
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the hinge zones of the .folds. The folds in Plate 30 show a variation in fabric · 
style be tween synforms and antiforms; i n the latter a penetrative axial plane 
f oliation is developed while in the former linear fabrics are .better displ ayed. 
This may be due to some geometric control but most probably it reflects the ". 
local vari a.tion in lith ology - the antiforms are composed of a mo re uniform 
rock type t han the synforms at t h i s outcrop . Just north of the Bushman Hills 
antiform axial trace the two gene r a tions of fol ding are well developed. The 
younger generat ion paras itic folds are assymetric and overturned, facing e as t 
with a long flat lying limb and a short steeply dipping limb . This results 
in the majority of the older structures having approximately the same orien-
tation as the younger folds and where ref olding effects are not apparent it 
is exceedingly difficult to distinguish between the two sets (Fig. 41). 
early fo ld 
late fold 
earl y parasitic 
folds late parasitic folds 
Figure 41. Assymetric mesoscopic late folds along the Velloor River valley 
forming type I interference patterns (Fig. 25) with earlier 
structures. Where re f olding effects are not obvious it is 
difficult to distingui sh· between early and late minor parasitic 
folds. 
The interference effects between the two sets of mesoscopic isoclinal 
folds can be traced across the Ostrich antiform. On the western flank of this 
struct ure identical refolding effe cts are visible but plunges are invariably 
towards the north, thus showing t hat the antiform is unrelated to these meso-
scopic folds. 
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The pl anar fabric associated with some of t he second generation meso-
s copic folds is not seen in the Nautsis granite which forms .the core of the 
refolded Bushman Hills antiform. The foli a tion here is clearly· deformed by the 
macroscopic fold. It is aimost certain that t he Bushman Hills antiform and 
t he Fo r tress antiform represent parts of a single fold made discontinuous 
th rough l ater de f ormation (c.f. Chapter V). There i s no evidence from exp os ures 
along t he Velloor River that mi gmatisation a ccompanied the second genera tion 
of . f oldi ng. . 
Several macroscopic early f o l ds are pr esent in the wes t e rn sub-area but it 
is not a lways certain to which generation· t hey belong . The fea tures shown 
by the older generation (exemplified by the Leopard synform) are: 
(i) l ar ge amounts of migmatite neosome materi a l formed contemporan-
eously with the folding. 
(ii ) very strong linear fabric indicated by mineral ali gnment, boudin 
al i gnment, intrafolial fo l d hinges, ribbing and sometimes surface 
intersection· 
(iii) penetrative axi al plane foliation visible in some parts of the 
major s t ructures· 
(iv) probable coaxi a l fo ldi ng with t he l a t e megastruct ures f ormed 
i n t he Pofadder ZAHN CAFS. This is i ndi cated by t he linear 
f abric in the Leopard synf orrn showing only a slight reorienta-
tion around the nose of t he Falls antiforrn. 
In contrast t he younger folds (exempli f ied by the Bushman Hills anti f orm) 
show no as sociated migmatisation, weak planar and linear fabrics, and a type-
H (Fig. 25) interference pattern with the Pofadder ZAHNCAFS megastructures. 
There is a lso evidence for the deformation of fabric elements by the younger 
fo l d set not seen in the earlier generation. 
The Shaw synform on Keimas Farm probably represents an older structure. 
A strong linear fabric and contemporaneous mi gmatis a tion is visible in the 
hinge of this fold and a slight but persistent change in orientation of t he 
linear f abric from north to northeast is visible as the resu l t of the refolding 
of the l i ne a tion about the Mission antiform. These observations fulfill 
requirements (i), (ii) and (iv). The Eland antiform on Pelgrimsrust and Orange-
fa ll Farms shows features consisten t with points (i) and (ii) but the re or ien-
t a t ion and pronounced tigh tening of this structure in the core of the Pofadder 
ZAHNCAFS makes positive identificatio~ uncer t ain. 
I n t he easte rn part of the sub-area two f o l ds, the Lost Do g and Uitlander 
synforms , have been identi f ied as probab l e s e cond- genera tion structures . Ne ithe r 
f old shows any associated mi gmatis ation or any linear fabric para llel to the 
fold axis. The r e is evi dence for r eorientation of lineations across t he axial 
t r a ce of the Uitlander synform and thes e linea tions include neosome intraf oli al 
f old hinges tha t are a fe a ture of t he Leopard synform. Data from the hinge zone 
of the Uitlander synform are presented in Fig. 42 wh ich repres en,ts an are a f rom 
the Washaway antiforrn (Pofadder ZAHNCAFS structure) axial trace to the contact 
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with the Naros granitoid. Even in this relatively small area only a very low 
syrrnnetry pattern is achieved, possibly indicating that some fluctuation is due 
to earlier, unrecognised~ structures. In the extreme west of ~he sub-area a 
· northward plunging synform has been identified which shows none of the features 
associated ~ith the older folds but cannot unequivocably be identified as a 
second-generation structure. It may be that this fold is the synform associa-
ted with the J ackal antiform. Expos ures along a small river valley traversing 
the western limb of this fold (just outside t he mapped area) shows a strong 
nor t hwest plunging linear fabric . The eastern limb and hinge zone contain more 
variably oriented lineations and it would appear that the fabric is not associa-
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Figure 42. Orientation diagram of data collected from an 80 km2 area between 
the Washaway antiform and the Naros granitoid. 184 poles to 
fo liation surfaces, 12 poles to fold axial planes, 10 fold axes, 
89 lineations. 
1. Planar fabrics 
It was seen in the northern sub-area that a variation existed in the 
contact relationships of the Naros g~anitoid with the intruded rocks which 
indicated that at least two foliat i ons were present. A similar case can be 
made for t he western sub-area but here the contact relationships of the grani-
toid show that a later, post-Naros, foliation is dominant and penetrative 
through count ry rock and granitoid alike. This may simply be a reflection of 
the increased scale of migmatisation in this sub-area since, in those localities 
where the granitoid appears to intrude the country rocks, the latter are only 
weakly migmatised or non-migmatised. Plates 18a, b, c showing 1ater re-
foliation are all taken from this sub-area. 
r· 
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In the Leopard synform it was seen (Fig. 40) that a refoliation of the 
gneisses accompanied migmatisation but that an earlier foliation is discernab le; 
it is t h is fabric that probably represents the 'regional foliation ' in the sub-
.area. The foliation of the Naros granitoid, where it is in c'ontact with the 
migmatites, would not imply then t hat this is the fabric penetrative over the 
entire sequence in the sub- area. 
2. Aspects of the ki nematic i nterpretation ~n the western suh-area 
It was mention.ed above that the Leopard synf orm contains abundant neos ome 
bands of more than one generation . Where younger neosome bands cross f olds ' 
in the l ayering they do not appear to reflect the flow pattern in the rock. In 
rare cases the :folded neosome bands may have an opposite sense of movement, 
i . e. where the neosome crosses an antiformal fold core it forms a synformal 
f old (Fig. 40). These features can only be explained if it is assumed that 
the folds in the layering were no longer active during the last stages of 
deformation. The rocks may be envisaged as undergoing a 'post-fold' flatten-
ing (Ramsay 1962, 1967, pp. 411 - 415; Hudieston 1973a, pp . 35-43) in which the 
isoclinal folds in the layering a r e deforming homogeneously, whereas younge r 
neosome bands were still deformed by buckling. Both old and young folds have 
the same orientation showing that their development in relation to the f ini te 
strain ellipsoid is identical. 
Only in special environments may it be demonstrated that the augen did not 
form in sit u during this phase of deformation . If a folded competent horizon 
(A in Fig . 40) is examined it can be seen that on the inner arc of the fold 
the augen are exactly parallel to t,he axial plane whereas on the outer arc there 
is a small area where the foliation defined by the augen alignment is actually 
folded with the . competent horizon and only away from the influence of this 
horizon do the augen again define a fold axial plane (Plate .Jl, hinge area of 
horizon A, Fig. 40) . This can be explained by assuming that the competent 
horizon deformed by tangential- longitudinal strain (Ramsay 1967, pp . 397-403; 
Ramberg 1963a). On the outer arc of this fold in the less competent material 
there exists a zone of low- contact strain which is essentially a zone 
of extension where earlier fabrics in the rocks stand the best chance of pre-
servation (Ramsay 1967, pp . 416- 417; Ramberg !96!a) . 
The best examples of augen de fining axial plane cleavage are found in the 
augen gneiss horizon. A much weaker axial plane foliation is found in the 
hinge of the Leopard synform south of .the SII norite body. It is unfortunate 
that the exact relationship of th i s .horizon to the axial trace of the synform 
is not qccurately known north of SII . Only an inferred axial trace can be 
shown here since there is no change in orientation in foliation across the iso-
clinal fold . It may be that the mechanism of the formation of the Leopard 
synform is through tangential-longitudinal strain as indicated by the meso-
scopic folds but it appears more likely that the surrounding quartzo-feldspathic 
gneisses have behaved more competently than the biotite gneisses in the synform 
(Coward 1973a, p . 144) in which case the synform probably dev~loped by flexural 
flow folding. 
Plate 31 . 
Plate 32 . 
Hinoe zone of the fold defined by horizon A. Fig . 45 showing 
0 ~ ld d · t · ted zone at the outer arc that the augen are IO e in a res ric 
of this fold . Velloorsdr ift Farm. 
Dome- shaped fold repres enting a culmination point along the fold 
hinge or the result of variations in compressive strain during 
fold formation . Keimas mond Farm. 
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A good indication of t he deforming mechanism would be provided by a com-
parison of the refoliation in the augen gneisses on t h e limbs and in the hinge 
of the fold , but as noted, the position of the augen gneiss horizon in re-
lation to the fold axial trace is not known and in the hinge of the fold th~ 
horizon is not present . Ramsay ( 1967, pp. 391 - 397) has shown that in f lexural 
fl ow f ol ds 'the magnitude of the shear strain and the shortening in the ro ck 
is gr eater on the fold limb s than in the hinge zones and the finite stra i n 
is direct ly related to t he dip of the folded horizon (Fi g. 43 a). The relation-
ship between shear strain and t otal shorteni ng i n the rock will be di scussed 
more f ul ly in the following chap t e r but it can be seen t ha t t he intense re-
f olia tion and strong isoclinal f olding in· t he augen gneiss ho r izon may be 
due to its presence on t he limb of t he L~opard synf orm (Fi g. 43b). 
I t can also be suggested that this variability is possibly due to the 
f inite strain state which reflects the superposition of a younger (Leopard 
synform) strain on an older (pre- Leopard synform) strain state (Fig. 44) . I f 
t he Y and Z axes of the ellipsoids are interchanged the stra in pattern moves , 
into the constriction field and a l inear fabric will be produced (Flinn 1962). 
Where these ellipsoids share mutual ly coincident strain axes a planar fab r ic 
will be preserved . The apparent dominant role played by linear fabrics in 
the Leop ard synform implies that the deformation path B (Fig . 44) is probably 
that followed by the majority of the rocks during t he younge r de formation. 
The Leopard synform is a l so notab l e for the presence of folded boudins 
(Plate 1). According to Talbot (1 970, pp .5S- 56) thes e are significant i n t ha t 
t hey cannot be exp l ained by pro gressive pure shea r de f ormation . In such 
situations planes original l y shortened may be extended since there is a ·possi-
bility t hat they may pass from a shortening to an extension field (Flinn 1962, 
pp. 403- 404) . Folded boudins, however, i mp ly rotational strain since it is 
only in this type of deformation that planes may pass through the surface of 
no-finite- longitudinal strain from an extension field t o a shortening f ield . 
What cannot be determined in the Leopard synform is whether these effects 
are due to a later phase of deformation affecting the rocks . 
Structures knowri as intrafolial folds (Turner and Weiss 1963) , rootless 
folds (Rast 1956) or tectonic' fish (Mcintyre 1951) are common in the Leopard 
synf orm and these structures are widely accepted as indicating a complex 
deformational history (Whitten 1966, p . 191 and Fig . 316) . Although this 
interpretation may be correct, and the intrafolial folds are older structures, 
many authors do not appear to have appreciated that such folds are a normal 
product of pro gressive deformation . During pure shear deformation lines and 
p lanes in a rock will rotate towards the XY plane of . the strain ellipsoid. 
However, material planes rotate f aster than imaginary surfaces and for cer-
tain initial orientations material planes will migrate through the surface 
of no-finite-longitudinal strain (Flinn 1962; Ramsay 1967, p. 117), the sur-
face undergo ing compression there f ore passing into a field of extension. 
This may result in a folded surface unfolding or necking, in which case an 
'intrafolial fold' will form (Fig . 45) . 
An alterna tive and possibly more genera l case for the formation of intra-
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Figure 43. (a) Variation on shear strain related to the dip of fold limbs 
(b) Variation in finite strain and associated fabric elements 









flat tening strain 
Figure 44. Finite strain explanation for variability of the Leopard synform 
tectonic fabric. Where earlier and later ellipsoid axes main-
tain a constant orientat ion a planar fabric is produced. (A) where 
Y and Z axes are interch anged (B) a linear fabric results. Dashed 
lines indicate the poss i ble deformation paths from an early strain 
ellipsoid of the type I ~ k > 0 or ·k O. After Coward (1973b). 
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Figure 45. Formation of intrafoli a l folds through progressive pure shear 





Small dome-like structures or eye folds are occastonally encountered 
in the Leopard synform (Plate 32) . These possibly result from fold inter-
ference but similar features in the Alps have been related to t\le ·variation 
in compressive strain during a single fold forming event (Chadwick 1968). 
Borradaile (1972) has used an argument based on strain ellipsoid considerat ions 
to exp lain t hese folds (Fig. 46). He has pointed out t hat if folds form in 
a cons trictive strain environment where 00>k>l (Flinn 1962) the fold axis must 
ch ange its orientation during progressive deformation. If the fold axis i s 
parallel to the Y direction of the ellipsoid (Fi g . 46a) it will start pr o-
ducing a series of culminat ions and depressions (Fig. Lj.6b) . Since the XY 
plane of the strain ellipsoid containing th'e fold axis intersects the sur f a ce 
of no-finite-longitudinal strain the fold axis could- pass through the surface 
and suffer extension, possibly resulting in a finite strain state with nearly 




Figure 46. Development of a fold axis in a constrictive strain environment 
where the fold axis is parallel to the Y direct1on of the strain 
ellipsoid. (a) Form of the strain ellipsoid showing the 
intersection of the surfa ce of no-finite-lon~itudinal strain 
(snfls) with the XY plane of the ellipsoid. (b) Initial forma-
tion of culminations and depressions in the fold axis (c) Possible 
formation of rectilinear fold axis as it migrates through the snfls. 
After Borradaile (1972). 
Throughout most of the sub-area the a·eenbreek granite shares a foliation 
with the intruded gneisses suggesting that pre-Beenbreek (i.e. Kumian) planar 
fabrics as · seen in xenoliths must have been destroyed. The development of 
foliation in the granite is well illustrated by an outcrop on Keimas Farm, 
reproduced in Fig. 47. Foliated xenoliths in the granite are up to 1 min 
diameter but within a distance of 2 m they are transformed into thin discon-
tinuous layers, some 15 cm thick. Such strong flattening strains have been 
envisaged by Flinn (1962, p.388) as being due to the k factor of the strain 
ellipsoid being of the type l>k>O. This classification of tectonic fabrics does 
I . 
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Figure 47 . . The penetrative foliation of the Beenbreek granite containing xeno-
liths. A. angular xenoliths, some foliated. B. strongly folia-
ted contact between granite and augen gneiss. C. original in-
trusive contact. D. augen gneiss resulting from the foliation 
of Beenbreek megacrystic granite. E. strongly flattened xeno-
li ths lying parallel to the foliation. F. migmatite leucosome 
bands. G. country rock (Jerusalem formation). H. µndeformed 
Beenbreek granite'. Outcrop on Keimas Farm. 
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not take into account possible volume r eductions (Ramsay and Wood 1973) and 
the refore the f abric should be described as one of apparent flattening . 
The concept of a strong flattening strain having affected these rocks may 
help to explain a further aspect of their character . Many of the norite and 
amphibolite bodies in the Beenbreek granite have lenticular shapes which, on 
first examination, suggest t hat the forme r are intruded i nto the granite as 
dyke s . It may have been on such evidence that Beukes (1 973) mist aken l y i n t er -
preted the age relationships of his Eendoorn granite (equivalent of the Been-
bre k granite) and t he SI norite body . On the fa rm Beenbreek , dyke-l ike 
bodies of amphibolite and norite are ve ry coITu~on but if these are traced f r om 
high- s train areas (foliated granite) i nto unstrained or low- strain zones it 
is always found t hat unambiguous contact rel ationships reflect a younger age for 
the grani te . In t he writer's experience a foliation in the megacrystic granite, 
t1owever s lignt , indicates a nign tlattening st r ain that is otherwise not sus-
pended . Contact relationships with other rock types should theref ore be inter-
preted accordingly . 
Some of t he larger norite bodies (especially SII) are rami f ied by a 
network of planar , foliated, leucocratic horizons t hat often contain isoclinal 
folds within the confines of t he horizon (see also Joubert 1971, p .61). The 
norites surrounding these horizons is usually non- foliated . The explanation 
for these deformed gne issic ho ri zons l ies i n the behaviour of the norites 
during deformation . Acting as l ar ge rigid bodies, strain is highly localised 
along pre-existing anisotropies - in this area pegmat i t e s, and deformation 
results in the f o l i ation of the pegmatites while the adjacent rock is un-
affected . The termination of these horizons shows how thin veins of pegma-
ti te have become boudinaged and folded (Pl ate 33 and Fig . 48) with a foliation 
penetrative through both the folded veins and the amphibolitised norite . 
F. SUMMARY 
Having dealt with the three subdivisions of t he Onseepkans area it is now 
pos s ible to dis cuss the correlation of the structures and fabric elements seen 
in them. It has been shown that, within each sub- area, there is considerable 
variation in t he orientation of the major structures and both the spatial dis -
tribution and intensity of the fabric elements associated with them. Th i s 
vari ability extends to outcrop scale where related mes oscopic folds show diverse 
fabric elements . Al though it has been established that planar fabrics are 
present representing t he M2 and M3 me t amorphi c epis ode s the information cannot 
be effectively utilised for correlation ·purposes since both fabrics are defined 
by mineral parageneses with a similar metamorphic grade (c . f . section IIIE) . 
Thes e considerations serious ly handicap ·attempts to present a unified structural 
interpretation and, at best, a highly subjective picture will be obtained . It 
is emphasised t hat the deformational history presented here is only one alter-
native of many that could affect the data , however, it does have the advantage 
of being t he simp lest interpretation. 
Plate 33. Termination of a leucocratic horizon in norite. The 
individual veins are strongly folded and boudinaged 
with a foliation in the norite axial planar on the folds. 
The circled area represents Fig. 48 . Keimasmond Farm. 
Plate 34. Typical alternation of gneiss and mylonite in the Pofadder 
Lineament. Pelladrift Farm. 
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t ,, 
foliated amphibolitised norite 
Fi gure 48. The defonnation and foliation of a narrow pegmatite vein in 
foliated amph i bolitis ed norite. Th is figure represents the circled 
area in Plate 33 (natural scale) . 
The earliest defonnational events' to have affe cted the rocks in the On-
seepkans area are largely conjectural. A pre- Beenbreek-granite ·tectonic fab ric 
in granulite-grade metamorphic rocks has been identified in xenolithsr The 
paucity of granul ite-grade assemblages now present in the area and the pene-
t rative foliation of the Beenbreek gran ite i mp lies that fabric elements 
associated with t he earlier events have largely been obliterate d. It has not 
been possible to relate this early fabric to any fold. The deformational epi-
sode represented by this fabric is refe rred to as D1 and the .f oliation as s 1• 
The event accompanied the M1 metamorphic episode. 
Following the intrusion of the Beenbreek granite, a period of deformation 
r esulted in the development of a penetrative planar fabric . A major problem 
exists over whether it is this fabric or a planar fabric post-dating the 
Naros granitoid that now represents the '-regional foliation' over most of the 
area . n the northern sub-area the Naros granito id intrudes foliated rocks 
in some 'out crops but in others shares a penetrative foliation with the surround-
ing gneiss es The problem cannot be s olved at this scale of mapping but if one 
accepts t hat the post-Naros foliation is connected with migmatisation it must 
be subordinate t o a pre-Naros planar fabric which shows no associated migmatisa-
tion. 
The pre- Naros pl anar fabric will be denoted s 2 and the deformat ional even t 
D2 . The structures at present contro lling the geometry of the On.seepkans area 
cannot be related to D2. A multitude of 'intrafolial folds' now f ound through-
out the area may be D2 folds but the ambiguity surrounding the interpretation 
10 1 
of these structures ma,kes them unreliaQle markers. There was some suggestion 
in the eastern sub-area that the older of two sets of folds deforming the 
foliation also folded a lineat ion, but generally linear fabrics ,have not been 
identified with this event. 
In the eastern and weste rn sub-ar eas two sets of macroscopic folds deform 
the regiona l foli a tion. The l ate r set in bo th cases may have an associated 
B-lineation but both fold a strong linear fabric. The macroscopic folds in the 
no r thern sub-area have many features s imilar to t he younge r s e t of f olds in 
the other sub-areas in t hat they deform a strong linear fabric, have B-l ineat ions 
deve loped in t heir hinge zones and generally have no associ ated planar f abrics . 
In the western sub-area the older linear fabric is often represented by intra-
fol ial fold hinges and boudins defined by neosome material. This is also the ' 
case for the older lineation in the northern sub-area and, to a lesser extent, 
in the eastern .sub-area. Since it has been proposed that only one period of 
migrnatisat ion is present, a relationship is suggested between the early 
macroscopic folds in the eastern and western sub-areas whereas the macroscopic ' 
fo l ds in the northern sub-area may be related to the younger folds in the east 
and west. A structural history based on this interpretation is presented in 
Table 15; this should be compared wi t h Table 12 in Chapter III. The relative 



























































































































































































































































































































































































































































































































































































































































































































































































CHA TE .. y 
ZONE S OF ANOMALO'USLY - H GH 
N N -COAXIALLY - ACC UMULATI NG 
FINIT E STRAI N (ZAHNCAF S) 
In r e cen t years lineaments in the earth's crust have excited considerable 
a t t ention fo l lowing t he deve lopment of plate tectonic theory . The study of 
lineaments in bas ement rocks has tended to l ag behind and it has only been com-
paratively recently that their signi f icance has been recognised (Nickelsen 
19 75) . The problem was due in part to the r a ther unique cha racter that t hes e 
lineaments assumed at lower crustal levels and it was not until the publica~ 
tion. by Rain.say and Graham (1970) of new methods for t heir investigation that 
any significant progress in understanding their formation was made. 
I f the specialized terminology of plate tectonic theory is avoided the 
names most generally used for lineaments are faults , fault zones, thrusts, 
shear fractures, fracture zones, : mylonite belts and shear zones . The main 
criticism of earlier, and indeed fairly recent, publications using this ter-
minology i s t hat the authors have no t appreciated that the above terms cannot 
be interchanged and, to a large extent, indicate mutually exclusive rheological 
conditions . The essential feature of faults , fractures or shear fractures 
(Gri ggs and Handin 1960) is that they occur in the elastic range or rocks 
where failure has occurred with no a ccompanying deformation (Fig. 49), i.e. 
they signify brittle behaviour and are found in the upper zone of the crust 
where rocks behave as brittle or semi -brit tle solids (Price 1966, p.57). 
Shear zones and most mylonites, on the other hand, can be described as p lanar 
· zones w-e re deformation has occurred without loss of cohesion in the rock i.e. 
t hey indicate ductile or 'plastic' behaviour of rocks (Fig. 49), and as such 
represent deformation at lower crusta l levels (Ramsay and Graham 1970, p.800). 
In many standard texts the authors omit to make a distinction between 
f aults and s hear zones or, if recogni sed, simply fail to describe the latter 
(Ragan 19 73, p. 157) . In some texts f eatures which are clearly related to 
ductile de fo rmation are described as f aults (Hi lls 1963, Fig. VII- 9; Spencer 
1969, p . 70 ; Billings 1972, p . 202 and Fig. 7-24). De Sitter (1956, p . 118) 
and Denis (1972) are among t h e few authors of a standard text to have pointed 
out t he i mp lications of ductile and brittle behaviour in relation to the 
development of a rock fabric but Ramsay (1967) is the only author to have 
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Figure 49. Generalised stress- strai n curve showing the distinction between 
brittle and ductile behaviour . 
described these implications in some detail. 
A contributory factor involved in this problem is the confusion caused 
by similar sounding terms viz shear (as in pure shear or simple shear), 
shear zones and shear fractures. The word shear has very little real meaning 
in structural geology since all deforme d rocks are sheared rocks by defini-
tion (i.e. shear strained) . The common description of rocks in the geological 
literature as 'sheared 1 i s therefore misleading and most often, but by no means 
always, appears to stand for 'shear fractured' . In this sense Tchalenko (1970) 
uses the term 'shear zone' in quot ation .mar ks to describe an area of shear frac-
turing . A shear zone as defined by Ramsay and Graham (1970) and Hobbs (197 2) is 
a zone in which deformation has taken place by simple shear (see also Ramsay 
19~pp . 83- 91) . The term simple shear refers only - to a special type of strain 
pat tern which is distinguished from pure shear because particles in a rock 
are conceived as being displaced a l ong a series of parallel planes - the x 
direction in Fig . 50A (Jaeger and Cook 1969, pp . 425- 431) . Shear fractures of 
faults are planes of high resolved shear stress (Fig . SOB) where shear stress 
denotes the stress acting on any pl ane which is not perpendicular to the normal 
stress (Jaeger and Cook op . cit . , pp. 9- 24). Thus a clear distinction must be 
made be t ween simple shear and shear fracturing. The former is a kinematic 
concept and t he latter is a dynami c concept and the word ' shear ' which they 
both have in common has entirely di fferent implications . _ 
An important point to emerge f rom ·Ramsay and Graham 1 s ( 19 70) paper was 
that the change in orientation of fabric across these lineaments is solely the . 
result of heterogenous simple shear and therefore the entire zone which en-
compasses thi's reorientation is an integral part of the shear zone (Fig . 51) . 
They have also established the orde r in which the fabric is produced and they 
have proved that t he core of the zone, where the mylonites are parallel or 
sub- parallel to the shear direction , represent a final stage in the development 
of a shear zone and they do not form in an initial stage as formerly believed. 
Many workers have referred to the cataclas tic rocks commonly found in the core 
of these zones as a fault, fracture or 'shear zone ' and the surrounding dis -
placement as 'drag' or 'drag folds' (Moody and Hill 1956) implying that the 
y 
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Figure 50. A. The strain pattern known as simple shear. 
T=O 
B. Normal and shear stresses acting on a unit square and on an 
internal surface making an angle a with the side of tbe square 
pattern was the result of two deforming mechanisms. The word 'drag ' i s he re 
used in quotation marks to indicate the geometrical effects usually implied by 
geologists. Drag is a perfectly legitimate concept but its application in 
geology is not well known. For example the shear zones described by Ramsay and 
Graham (op. cit.) may be drag-zones in the strict sense of the word. 
De Sitter (1958b) and Ramberg (19 63b) have pointed out the misconcep-
tions involved in the use of the term ' drag fold' as applied to minor st~uc­
tures developed on fold lirilbs. Anothe r connnon misapplication of the drag con-
cept has been to the deformation seen at boudin terminations where friction 
exercised by surrounding tocks moving i nto the gap between separating boudins 
was thought to cause 'barrelling'. Gay and Jaeger (1975, p.328) have shown 
that barrelling is not due to drag but is the result of deformation in the rock 
be f or e separ ation into boudins. The paper by Ramsay and Graham (op. cit.) may 
be regarded as one more objection to the concept of 'drag'. Indeed, it may 
now be asked if any unequivocal examples of 'drag' are known to exist (c.f . . 
also Garfunkel 1966 and Dennis 1972, p . 302). 
Shear zone is, at present, the most corrnnon term applied to the type of 
deformation described by Ramsay and Graham (1970). However the writer feels 
that because of the ambiguity surroundi ng the word 'shear' a new t erm might 
be usefully introduced to overcome' this difficulty. Unless shear zones happen 
to be superimposed on an area of deformed rock so that they cause the can-
cellation of the deformation the zones are usually recognised by their ab-
normally-high finite strain pattern. Simple shear is also a special type of 
deformation which is known as rotational strain because the principal strain 
axes do not remain fixed during pro gressive deformation (Ramsay 1967, p.83). 
It is therefore proposed that a name f or these zones might be more revealing 
if it implied anomalously-high finite strain and rotational deformation. One 
further point to be considered is that raised by Elliott (1972) over the use of 
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the term rotational s train . Re has suggested (op . cit., p. 2627) that 'rota-
tional strain' implicitly acknowledges the existence of 'irrotational strain', 
a concept that may often be refuted by the suitable choice of coordinate 
frames . In its place he proposed 'coaxial ly accumulating' in situations where 
the same material lines remain axes of all finite and strain rate e llipsoids 
and 'non-coaxi al l y a ccumulating ' where they do not. With this in mind a shear 
zone may be referred to as a Zone of Anomalously-High Non-Coaxi ally-Accumulating 
Fini te Strain or ZAHNCAFS. The writer is fully aware t hat there is little 
likelihood of this term becoming accepted but fe e ls t ha t s ome att emp t mus t be 
made to resolve the present ambiguity s urrounding the use of the word shear . 
/ , · .-
One such ZAHNCAFS of cont inental proportions controls the geomet ry of 
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Figure 51. Development of a shear zone in isotropic rocks showing that the 'S' 
shaped pattern across the shear zone is the result of simple shear 
and is not caused by drag. 
A. THE POFADDER ZAHNCAFS - DESCRIP~IVE 
1. The extent of the mylonite belt 
South of Onseepkans a northwest trending belt of mylonite can be traced 
from east of Pofadder to the Karoo cover rocks west of Warmbad · (Fig. 24). These 
~ . . 
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These mylonites have been previously recorded as the Tantalite Valley Megaskuif-
keurzone (Beukes 1973), Pilgrim Lineament (Toogood 19 7 4)~ Tantalite Valley 
Mylonite Be l t (Blignault et al . 1974) and Po fadder Lineament (Joubert 1974a) . 
On a regional scale it seems best to adopt the term Pofadder Lineament since , 
as noted by Toogood . (op. cit.) Pi lgrim Line ament has only ' local significance . 
Beukes (1973) has shown this my lonite belt on his map as a single line which 
doe s not fu lly reflect its true width . At Tantalite Valley the belt is 7 km 
in width (Moore 1976) and in the west of t he Warmbad area the writer f ound it 
t o be 4 km wide . Where shown on Beukes' map at the junction of the two study 
areas the belt corresponds to a minor bifurcation of t he main zone lying to 
the north of the Lineament shown in this report (see accompanying geological 
map) . 
The lateral extent of the Lineament as shown on the map should be regarded 
as a minimum. Evidence for my lonitic fabrics can be found outside this zone -
especially to the south where small discontinuous mylonite belts a few metres 
in width are very common. The Lineament is not entirely composed of refoliated 
rocks but horizons of mortar gneiss, flaser gneiss and mylonite occur sand-
wiched be tween unaffected gneisses (Pl ate 34) often with knife- sharp contacts • 
. Dis continuous lenses of rock types repr esenting several format ions are tee-· 
tonically interfingered in the Lineamen t and t he writer considers it more im-
portant to show these and the mylonites as one ent i t y on the map rather than 
attempting to show them i ndividually . It is not always apparent in the f ield 
tha t mylonite fabrics a r e present since slightly my lortitised fabrics are 
nl y visib l in thin section . 
Wes t of Warmb .:id the expos ur e s are poor but the extension of the Pofadder 
Line ament is shown by Beukcs (1 973) and Blignault e t a l. (1974) to be a con-
tinuation of the same northwesterly trend as ~een on the ERTS photo in t he On~ 
s eepkans a r ea . According to the geological map (Beuke s op . cit.) the Linea-
ment disappears under the Karoo cover r ocks approximately at the homestead on 
the farm Harib . The writer visited this locality but was unabl.e to find any 
trace of my lonitic rocks . Subsequent remapping of the area (Toogood 19 75a) 
showed that t he Lineament does not strike northwest from Tantalite Valley but 
swings west through the homestead on t he farm Bankwasser and continues to the 
junction of the farms Kromrivier, Witputs , Soekwater and Sperlingsputs (see 
Fig . 52) . In this locality it has apparently been confused with the contact · 
bet ween the Vioolsdrif complex and. the Namaqualand' gneiss terrain and is termed 
by Bl i gnault et al . ( 1974, p . 32) as t he Southern Front of t he Namaqua Province . 
However, a map of this vicinity (Blignault in preparation) clearly shows a pro-
gressive change in the orientation of this mylonite foliation from east-west 
at the junction at the four farms mentioned above to the overall regional 
northwest trend of the belt as the Karon cover is approached . 
It can also be seen from Fi g. 52a that the extens ion of the 'Front ' from 
this locality is supposedly towards the southeas t and an area of mixed gneiss 
is shown (Blignaul t et al. Annexure I ) between this 'Front ' and the Pofadder 
Lineament as now mapped. Traverses across t h is area made by t he writer failed 
to reveal this continuation and no change was noted in the rock types which 
are predominantly granitoids of t he Vioolsdrif suite. These granitoids show the 
. non- penetrative development of mylonite fabrics t ha t is a feature, of the zone 
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A. Map of the area nort h of Goodhouse according to Blignault . 
et al. (1974) and Beukes (1973). ·B. According to Toogood (1975 a). 
Vioolsdrif granitoids are known to occ~r north of this 'Front' (Beukes 
1973, Annexur e 1) but according to Beukes (op . cit.) none occur north of t he 
Pofadder Line ament ' as now mapped (Toogood 1975a). A contact could be placed 
be t ween granitoid and gneisses exact ly at the 'sillimanite-in' isograd de-
picted by Beukes , (op cit. p . 168). This isograd is shown by Beukes to extend 
acros s the Pofadder Lineament as now shown. This is rather puzzling as 
s:.l limanite is clearly shown on his metamorphic index map on both sides of 
t he isograd north of the Lineament. 
There appears to be fairly conclusive field evidence that the conta c t 
be tween t he Vioolsdrif comp lex and t he l aye red gne~sses in the Warmbad area 
is r epresented by the Pofadder Line~ment and is not one r esulting from t he 
progressive me t amorphism of the Viools drif complex as proposed by Blignaul t 
( 19 74 , p-.55). Continuations of t he my lonite be l t to t he northwest are des-
cr i bed by Bl i gnault et al. (1974) and a t Ai-Ais by Jackson (1 976). A continuat ion 
t o t he southeas t of t he Ons eepkans ar ea i s des cribed by Joub ert ( 1974a, 1974b ) . 
. I f this corre lation is valid a mylonite be lt of 450 km in known l engt h is 
indica t ed. 
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2. MyZonite fahric 
At present there appears to be no consensus on the terminology of my-
loni tes (Spry 1969, pp. 227-231; Higgins 19 71) and the same term is some-
times used with completely different de finitions. Bl astomylonite, for example, . 
is commonly used for mylonite that shows evidence of recrystallisation (e. g . 
J~hnson 196 1) but Lundgren and Ebb l in ( 19 72 ) used t he s ame t e rm in exact ly 
the opposite sense, that is for my lonitic rocks t hat do not show evidence of 
r ecrys tailisation (op. cit., p . 2776). Mylonitic rocks appear to be rare 
examples of rocks that still r e ly on a genetic de fi nit i on and there is a 
strong connotation of 'crushing', ' milling', 'granulation' and 'brecciation' 
when mylonites are described. This is unfortunate for recent work has shown . 
that their origin of formation is far from clear (see section VBl). 
In t his report the term myloni t e is used for rocks with large mineral 
grains showing evidence of strain and a matrix of smaller grains making up at 
least half the rock. Instead of us i ng prefixes to denote varieties of 
mylonite separate terms will be used. A £laser gneiss (Katz 1968) is a rock 
in which large, unstrained mineral grains in a fine-grained matrix make up more 
than ha lf of the rock. Rocks in whi ch the mineral grains show only slight 
evidence of strain and the surroundi ng finer grained material fo rms only a 
thin selvage (mortar texture) are called mortar gneisses. No infe rence s 
about the temperature or mechanism of formation are implied in the use of 
these terms. 
Mylonite fabrics have been well described in the literature (Christie 
190 0 , 1963; Johnson 1957, 1960, 196 1; Katz 1968; Higgins 1971; Bell and 
· .. <ie r idge 1974) and none of the features associated with the Pofadder Linea-
ment appear to be unique. The first evidence .of mylonitisation is the ribbon-
like development of quartz grains wi th a pronounced undulatory extinction and 
sometimes deformation lamellae (Plate 35). Mortar structure first makes its 
appearance here .as . thin incomplete selvages of fine-grained quartz around 
quartz porphyroblasts. Plagioclase is not strongly affected at this stage and 
tends to show only saussuritization features. The effects of mylonitisation 
on microcline, however, are immediately obvious and at crystal margins small 
exsolution lamellae can be seen extending into the crystal. This development 
of perthitic intergrowth is a well known feature of mylonitic rocks (Johnson 
1961; Spry, 1969, p. 234; Chayes 1952). Biotite may show some evidence of 
. alteration to chlorite but retrograde effects in other mafic minerals are 
absent. This stage of mylonitisation produced mortar gneisses but the effects 
described here are usually not visible in hand specimen. 
As deformation increases the e f fects _become sufficiently pronounced to be 
visible . . Flaser gneisses represent ing this stage are recognised by porphyro-
clasts around which a foliation flows and swirls with trains of finer-grained 
material framing the porphyroclast. Chlorite can be seen in these rocks with-
out t he aid of a hand lens and .when viewed from a distance the rock gives the 
i mpression of being more strongly foliated than the gneisses from which it 
was derived. · 
Under the microscope the quartz grains are seen to be strongly elongated 
and undulatory extinction is very pr onounced with many crystals appearing to 
Plate 35. Photomicrograph showing deformation lamellae in a quartz grain. X40. 
Plate 36. Photomicrograph showing sub- grain development in a quartz porphyro-
clast and it's envelope of mylonite grains . XIOO . 
-· 
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be composed of a mosaic of individua l grains. The margins of these porphyro-
clasts are highly sutured and they a re normally surrounded by a broad en-
velope of fine- grained quartz (Plate 36). Plagioclase is saussuritized or, 
more commonly, contains deformation twins. Flame varieties o{ perthi te a.re 
spectacularly deyeloped in microcline with the exsolution lamellae extending 
completely across the crystals (Pla t e 37) . Biotite appears as deformed and 
?hredded crystals and is normally reduced to chlorite. Hornblende shows sur-
pris i ngly few effects (see also Johnson 1961) but is sometimes . r immed by chlo-
rite and epidote . 
., 
My lonites representing the final stage are qui te obvious in the field . 
They are normally black or r ed, fine- grained rocks - even where developed 
in leucocratic gneisses . Porphyroclasts are still fairly common and these are 
associated with streaks and thin seams of lighter coloured material . Ulti~ate­
ly mylonitisation produces a finely comrninuted rock flour which gives rise to 
a rock with alternating light and dark bands and overall flaggy appearance. 
Under the microscope it can be seen that the original quartz grains have ' 
completely disappeared and the remaining porphyro clasts are usually ovoid 
plagioclase crystals with deformation twins.or perthite. 
3. Structures of the mylonite belt 
. Viewed as a regional feature the myloni te belt has a northwest trend 
(approximately 115°) but within the s tudy area one segment of the mylonite 
belt on Pelladrift Farm strikes east- west. This is revealed in Fig . 53 in 
whi ch data from th~ mylonites are represented on three orientation diagrams 
representing three . equal divisions of the belt' in the mapped area . 
The mylonit~ planar fabric dips uniformly north between 50° and 80° . There 
is more than one m~lonite planar fab r ic represented. in this belt and some zones 
can clearly be seen to crosscut other s (Plate 38) . One rare type of planar 
fabric is produced by the flattening of disoriented and angular hornblende-
bearing rock fragme~ts in the hornblende agmatites just north of the Lineament 
(see map) . Where they become involved in the mylonite belt the fragments become 
drawn out and ·are composed of a retrograde assemblage of chlorite and epidote 
(Plate 39). Adjacent to the mylonite belt the linear fabric in the gneisses is 
approximately horizontal and trends parallel to the ZAHNCAFS. One of the first 
indications in the field that the Lineament is being approached is the noticeable 
undulation of this linear fabr ic on the foliation surface (Plate 21). Rams ay 
( 1960) explained this phenomenon by .ass~ming that the foliation containing an 
undulati~g lineation is contained wi t hin the 'ab' plane of simple shear (Fig. 
54). 
These lineations, i.e. pre-ZAHNCAFS fabrics, are found throughout the 
belt but a fur ther lineation is developed on the myloni te foliation . This is 
a rectilinear feature and shows no evidence of undulation as do the earlier 
fabrics . Owing to the fine-grained nature of the rocks it is not always 




Photomicrograph of a microcline grain showing the development of 
flame perthite. X40. 
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Figure 53.. Orientation diagrams for data collected in the Pofadder Lineament. 
Each diagram represents approximately 7 km. A. Weste rn section, 
38 poles to foliation surfaces, 29 lineations, 3 fo ld axes , 2 
poles to fold axial planes. B. Central section, 27 poles to 
foliation surfaces, 27 lineations, 2 f old axes, 2 poles to fold 
axial planes. C. Eastern section , 32 poles to foliation surfaces, 





Figure 54. Variation of lineation plunge on a foliation surface where 
the surface is parallel to the 'ab' plane of simple shear. 
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a co l our s treaki ng on t he foliation surface s. Somet i mes it is identifiable 
as s t r e aks of quartz or quartz and fe l ds par . This lineation is indistinguish-
able i n ori entat i on from t he ear lier f abric and both ar e sub-horizontal or . 
have a mode r ate plunge. Sometimes the lineation is identifiable as a surface 
interse cti on where t he my loni te f oliat ion cuts a previous planar f abric. 
Folds can be found which ar e defined by the contacts between litho logical 
lay~rs and they ap pe ar t o have the myloni te foliati on as an axi a l plane cleav-
age (Plate 40). It was not pos s ible t o ge t suitably oriented photographs of 
t hese f ol ds (c.f. chap t e r VI ) and no quan t i t ative clas si f i cation could there-
f ore be made, but many of t hem , appear to pe .similar fol ds . Everywhere such 
f olds a r e pres ent any linear f abric in the my lonite was fo und to be pa r a llel 
to t he fold axis and they are therefore B- line a t ions . A pe culiarity of 
thes e f o lds i s t h at they appear to mirror the orientation of pr e- ZAHNCAFS 
mes os copic folds in the surrounding gneiss. Occasiona l l y both ZAHN CAFS folds 
and pr e-ZAHNCAFS folds with identica l orienta t ions can be f ound in t he same 
outcr op (Pl a te 41) . No folds have been positively ident ified which deform 
t he mylonite foli a tion . A considerab l e amount of controversy has ar i sen over 
the dynami c significance of my lonite structures (c.f. Johnson and Christie in 
discussion 1965) and it would appea r tha t thes e structur es have no unique · 
i n t erpr etation. The kinemat ics of ZAHNCAFS are best explained by r e cours e 
t o the Ramsay and Graham (1970) mode l and will be discu$sed in t he next sect ion . 
. I n one part of the mylonite belt t here occurs an ex t ensive development of 
pegmati t e (Skirmnelberg pegma tite - see map) . Much of this pe gmatite is cut 
by the mylonite foliation but in places the rock is entirely unstrained . No · 
evidence of pegmatites cutting· the mylonite f abr ic was found but undeformed 
ar eas suggest that, at least in part, t hey may postdate the mylonite . It is 
apparent both in the field and f rom air photogr aph interpretation that these 
pegmatites trend north- south and form .an en-echelon patter~ in the mylonites . 
These arrays of tension fissures are the result of simple shear and they form . 
par allel to the direction of maximum shortening (the Z-dir~ction) in the 
shear zone (Fig. 55). The direction of movement in the ZAHNCAFS is responsible 
f or t heir orientation and in the Pofadder Lineament they confirm the dextral 
displacement . 
Small s ca l e examples of tension fissures have been encountered in my-
l onite fabrics (Plate 42) and t hey provide supporting evidence for t he 
complex nature of t h e mylonite development . Smal l fractures, some times with 
sl ickens i des, crossing the my lonites are fairly common. · They can also be 
found t h roughout the Onseepkans area and there is no noticeable increase in 
thei r frequency in the Pofadder Lineament; For this reason they are not 
thought to be genetically related to the formation of the ZAHNCAFS although 
such f ractures would be expect ed in mylonites because, being weak rocks, 
they l ocal ise subsequent strains (c.f. section VBl) . 
It has been suggested by Beukes (1973) and Joubert (19 74, p . 20) that the 
mafic rocks found within t he confines of t h e mylonite belt were intruded 
dur i ng or a f ter t he forma tion of the ZAHN CAFS. These conclus ions are difficult 
to assess since neither author cites t he evidence on which the interpretations 
were made . The main ma f ic body to fall i n t h is category in the Warmbad area 
is ·t h e Tantalite Valley Metagabbro (Be ukes op. cit., p.243-253) 1but where 
,. 
Plate 39. The flattening of angular hornblende- rich fragments to form a 
planar fabri c. Compare with Plate 2. Pelladrift Farm. 
Plate 40. Folds defined by pegmatites in the Pofadder Lineament with the 
mylonite foliation as an axial plane cleavage . Ku~ Kum Farm. 
Plate 41 . 
Plate 42. 
Folds in mylonites (lower left) with an identical orientation 
to f olds in the surrounding gneisses (right hand side) Kum Kum 
Farm. 
Zone of tension fissures developed in mylonite . Kum Kum Farm. 
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Figure 55. Diagram showing the relationship of tension fissures to the 
simple shear strain ellipsoid and the displacement in shear zones. 
examined by the writer the marginal zone of this body is strongly refoliated 
and retrogressed. No intrusive contact be t ween these mafic bodies and the 
my lonites have been recorded and neither of t he above authors reports my-
lonite xenoliths in the mafic rocks. The absence of mylonitisation in the 
cores of t hese bodies has, perhaps , been the main criterion for their postula~ 
ting age. It was shown in Chapter IV, however, that the behaviour of iso-
tropic rigid bodies during deformation was quite different from that of 
anisotropic layered rocks and the penetrative foliation, by whatever mechanism, 
in these bodies is not normal . The Tantalite Valley body is an orthopyroxene-
bearing mafic rock .that appears to be i ndistinguishable in composition (Beukes 
19 73, p . 248) from similar rocks found t h roughout the Warmbad-Onseepkans area 
(Moore 1976) which are described in this report as norites of the charnockitic 
rock suite. 
4. Zone of reorientation 
The re- orientation of the gneisses in the northern block can be seen on 
the accompanying geological map and can readily be appreciated on th.e ERTS 
image of t he area (Plate 43) where dextral displacement is clearly defined. It 
can be seen on this photograph that the reorientation pattern is visibly -
different in the northern and southern blocks . To the south of the Lineament 
there is a wide zone where the orientation of the foliation in the gneisses 
is parall~l to the Lineament whereas in the northern block there is a more 
abrupt change in trend away from the mylonite and this is consistent over the 
entire area covered by the photograph . The structural pattern in the northern 
block . is connected with the development of a series of large crescent-shaped 
an tiforms or elongate domes (D5), from west t o east, the Jackal, Mis sion and 
Falls antiforms (Fig. 56). The Falls antiform in particular is very large 
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These folds are also present north of the Lineament in the Warmbad area. 
Beukes (19 73) interpreted this diffe r ence in s tyle as being due to dis -
placement whi ch brought into contact areas of dissimilar structure. However, 
the write r believes there are unique features about t hes 'e folds that strongJ_y 
suggest a geneti c connection with t he mylonite belt. 
Al l these antiforms or dome- shaped structures ar e doubly plunging . The ir 
'de forma tion defines an anti formal axial trace (Sh i ning Sister antifo rm) 
trendi ng parallel to the Li neament and producing an H- type f old i nterference 
pattern (Fig . 25), referred to here as D5 . These folds have a un i que spatial 
relationship with the mylonite . Adjacent,.· to the Lineament t he fold axia l 
planes of t he crescent- shaped antiforms trend northwest and the folds pl unge 
gently northwest ; in this area the folds are ti gh t - to isoclinal. Away f rom· 
the mylonites the fold axial planes change rapidly i n trend f rom northwest 
to northeast and the f olds open out and achieve their greatest wavelength . 
The axial trace of t he Shining Siste r antiform crosses the f olds at th i s 
point and thereafter they achieve, more gradually than before , a northe rly 
trend and become tighter . At their northern extremities they close and plunge 
approximately north but in this area thei r dihedral angle is greater than 
that seen adj acent to t he Lineament . Two crescent-shaped antiforms north of 
t he Lineament at Tantalite Valley have an identical style (Beukes 1973, 
geologi cal map) . It should be not ed that all these folds are s imila r in si ze 
and are not truncated by the my lonites but close comp l etely just north of t he 
Lineament . The structural pattern both no r t h and south of the Pofadde r Linea-
ment is i llustrated in Fig . 56. The intervening synforms in type- H fold 
interference patterns are gene r a lly obscure and only an i nferred axial trace 
can be placed between the Jackal and Mission antiforms . The O'Connell synform 
separating the Mission and Falls ant i forms is quite evident and can be tr aced 
for some distance t o the north where it dies out in a series of open dome and 
basin str uctures . The northwesterly trending fold direction whose presence 
produces the dome and basin struc tures appears to be related to the similar-
trending Shining Sister antiform. The D5 and D5 folds in the Pofadder ZAHN-
CAFS have produced one of the best preserved examples of a large scale type- H 
interference patterns recorded in the literature . It has been shown in 
chapter IV that these folds deform two previous generations of structures 
(D3 and D4) in the westerri sub- area and there is no evidence t hat D5 and D5 
fo lds extend outside the zone adjacent to the Lineament in the northern block . 
South of the Lineament t hese folds cannot be recognised. There are no 
unique i nterference patte rns typical of this area and earlier folds are mere ly 
brought in parallelism as they approach the Lineament and are t hen truncated 
by the rnylonites (Fig . 56) . This is not only t he case in the Onseepkans area 
but is also true for t he folds shown· by Beukes ( 19 73) in the Warmbad area 
and at Fofadde r a major synform with a quartzite core shown on maps by Joubert 
(in preparat ion ) is al so truncated by the rny lonites . None of these folds is 
doubly plunging and no dome and basin structure s or cres cent- shaped folds 
of any type exist . 
It i s interesting to note that in the Ai- Ais area s ome 100 km farther 
northwest , a similar disparity in structura l style has been noted across the 
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are parallel to the shear direction has been described by Blignault et al. 
(1974) and large macroscopic folds a re reported adjacent to the Lineament in 
the northe rn block . Unfortunate l y the zone of pa r allel al ignment in the 
southe rn block is sandwiched between the Vioolsdrif complex and the mylonites 
which has led Bli gnault et al. (1974, p . 45) t o misinterpret it as a ' margi na l 
zone' of the Namaqua belt, unconnected with the development of the shear zone . 
. It has therefore been independently confirmed by t hree sep arate workers 
that the structural pattern differs radically across t he Pofadder Line ament. 
5. Fabric elements associated with D5 and D6 folds and t he r eorientation 
of earlier fabric elements and folds 
No pene trative fabric elements have been found associated with either 
D5 .. dr D5 structures . Mesoscopic folds are encountered in t he hinge zones of 
the Mission and Falls antiforms adjacent to the Lineament and also in the hinge 
of t he O'Connell synform (well exposed to the south of the road just west of 
t he homestead on Keimasmond Far m). In the core of the Mission antiform it has 
al ready been noted tha t a mylonite foliation is locally present, axial planar 
to the fold . In the core of the Falls antiform adjacent to the Lineament 
narrow pegmatite bands are found parallel t o t he axial planes of minor para-
s i t ic folds. At the northern boundary of t he ZAHN CAFS it can be demonstrated 
that the D3 / D5 relationsh ip is one of coaxial refolding and only a slight 
difference is noted in the 1 3 azimuth around the hinges of t he D5 folds . 
Because of t he modification of fold shapes adjacent to the Lineament , this 
slight variation is no longer discernab le and it appears here that the easterly 
or westerly plunging 13 lineations aµd D5 folds are related structures. 
At the northern hinge zone of t he Mission antiform, f or example , the 
plun ge of 13 is approximately north (zone 3A, Fig . 57) but traced southwards 
t he plunge decreases in amount until, approximately at the axial trace of the 
Shining Sister antiform it is horizontal (see map) . South of the axial trace 
the trend changes to a shallow easterly or wester ly plunge as the mylonite 
belt i s approached (zone IA, Fig. 57). A similar change in 13 orientation 
takes place along the Falls antiform but 13 in the hinge zone of the D3 
Leopard synform, while changi ng in orientation, does not develop a westerly 
plunge as the Lineament is approached but merely plunges at a shallower 
angle to the east- northeas t (zone lB , Fig . 57) . Since the shear strains are 
hi ghe r adjacent to the Line ament than at the boundary there has been a more 
marked rotation of the fabric elements towards the Y.Y plane of the simple shear 
strain ell i psoid . When comparing the orientation diagrams of the zones ad-
jacent to_ the Lineament (zones lA and lB, Fig . 57-) with those at t he margin (es -
pecially zones 4A and 3B, Fig. 57) it can be seen that the latter display a 
much lower fabric symmetry . 
A locally complex fold pat tern is pr oduced by the D4/D5/D5 interference 
at the boundary of the ZAHNCAFS. Domes and basins are formed by D5 folds 
being superimposed on D5 folds, notably dome s at the intersection of the First 
Camp and Ostrich antiforms (c;f. Annexure 2) . This superposition of the D5 
O'Connell and Ostrich structures on D4 f o lds has produced a .type-H interference 
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pattern (Fig . 25). The D4 Fortres s and Bushman Rill s antiforms probably belong 
to a s i ngle structure which is now discontinuous because of the refo l ding · 
effect of the O'Connell synfor m. The 13 lineation pattern in this area is 
h i ghly irregular . 
B. KINEMATI C INTERPRETATION OF THE PllFADDER ZAR CAFS 
1. The rrrylonites · 
It was suggested by J~hnson (19 67) and Ramsay (1967, p . 89 , Fig . 3-26) 
that myloni te foliat ion is not a s urface of simple shear. This hypothesis 
was subsequently proved by Ramsay and Graham (1970) who conf ined their studies 
to i sotropi c rocks thereby avoiding t he confusion introduced by pre- existing 
anisot ropies . They showed t hat mylonite foliat ion is perpendicular to the 
dire ction of greatest shortening . in the rock , that . is, parallel to the XY- plane 
of the strain ellipsoid. As stated earlier they have also demonstrated t hat 
the S- shaped pattern across shear zones is not the result of drag but due to 
the expansion of the shear zone during progress ive deformation by heterogeneous 
simple shear . 
Work on mylonites in recent ye ars has produced interpretations that 
diverge strongly from the classical view that they are the result of ca t ac l as is , ( 
i.e. t he mechanical degradation and crushing or brecciation of rocks at low · 
temperatures . Mu ch of this recent work appears t o be based on t he experiment s 
of Carter e t al . (1 964 ) which showed . that typical ' cataclast i c ' t extures can 
be produced by plastic deforma tion and recrystall i sation of quartz . Katz (1968) 
pointed out t he i mplications of these findings and suggested that mylonites 
were t he result of ductile deformat i on . 
Since then several workers have stressed t he ductile~ nature of mylonite 
forma tion (Bell and Etheridge 19 73; Moore 1973 ; Ve rnon 1974) but undoubtedly 
the most significant contributions in this field have been thos e of White (1 973, 
19 75b, 19 75c) and White and Treagus (1 975) who b ased their conclusions on 
similar work done in the fields of ceramics and metallurgy . The quartz tex-
tures seen in the Pofadder mylonites are very similar to textures described 
i n these studies and lead t o the con clusion that the Pofadder my lonites have 
been formed by a process of dislocation and recovery that are essential 
characteristics or hot work ing , i.e. a dynami c process occuring duri ng de-
formation (White and Treagus op . cit •. , p . 220). 
White (1975b, p . 246) has pointed out the essential similarity between the 
quartz fabric in normal metamorphi c tectonites and mylonites and has suggested 
t ha t the l atter may indicate higher s t r ain rate deformation . The elongated quartz 
grains with undulatory extinction seen at t he onset of mylonitisation indicate 
h i gh densities of tangled and matted dislocations and a r e the res ul t of strain 
hardeni ng processes in an initial stage of primary creep . As t he dislocation 
dens ity increases, the internal strain energy of quartz i s increased and elon-
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gate subgrains form producing the defor mation bands . seen under the microscope. 
This is thought to be the start of a pr oces s of dynamic recovery and marks the 
transition of the fab ric to a second s t age of steady state or secondary creep. 
These elongate sub-grains tend to become equidimensional w{th high angle 
boundaries as ·deformation incre ases and this produces the mosaic effect in 
·quartz seen in more advanced stages of myl,onitization. 
· It is worth noting here that t hese strain- free sub- grains may be siffi-
ciently mi s oriented from t hei r neighbours to appear as individ al entities, 
thus giving rise to a ' mortar texture '. White (1973) has noted that the sub -
gtains can be confused with new strain- free·. nuclei and has pointed out th at 
t he distinction can only·be made with the aid of electron microscopy. The 
writer considers this highly significan t in view of the classic interpretation · 
of this texture as defining blastomylonites. In the last stages of the my-
lonitisation process the rock is comple tely reduced to a finer-grained product 
than· the original rock with the recrystallised grains derived from the mis-
oriented sub-grains. This process is illustrated diagrammatically in Fig. 58. 
White (1975b) has defined two types of mylonite and distinguished a 
third rock type which he refers to as a cataclasite. In the first type of. 
mylonite the porphyroclasts and finer mylonite grains show no evidence of re-
covery a d recrystallisation alone has taken place. In the second cate gory 
sub- grains. are abundant and the mylonite forms by dynamic recovery . These 
t wo types are thought to form at moderate strain rates (around 10-s to 10-0 / 
sec). The cataclasites represent the classic case where porphyroclasts form 
by me chanical degradation. There are very few s ub-grains and there is no 
evidence of recovery. The strain rates produced in cataclasites are thought 
to be greater than 10- 4 /sec. In this classification the Pofadder mylonites 
would fall in the s ~cond category. 
The formation of the Pofadder mylonite belt by a process of hot working 
or creep is also more compatible with other evidence. The: reorientation of 
the gneisses surrounding the Pofadder Lineament is adequate ly seen on the 
geological map and is spectacularly demonstrated on ERTS photographs of the 
region (Plate 43). These reoriented h igh-grade and medium-grade gneisses 
show no signs of retrogression and it would appear self evident that the de-
formation took place at elevated P-T conditions. 
Smal l ZAHNCAFS in these gneisses are ubiquitous and become more abundant 
as the Lineament is approached. They vary from a few centimetres to several 
me tres in length and are identical to similar zones in the Lineament both in 
size, orientation . and displacement. A notable feature of .3.ome ZAHNCAFS is 
that they appear to have formed under conditions of anatexis and small biotite-
bearing leucosomes are found in their ' cores (Plate 44). By far the greater 
maj ority of the ZAHNCAFS have no refo l iated rocks, i.e. mylonites, {n their 
cores and they simply occur as small monoclinal folds (Plate 45). No evidence 
of retrograde metamorphism has been f ound in these structures. This appears 
to be strong supporting evidence for t he assumption of high P-T conditions dur-
ing t he formation of the Pofadder ZAHNCAFS. It was found that the minor 
ZAHNCAFS are much more prevalent north of the Lineament than to the south. 
This may be due to the limited extent of the southern block seen by the writer 
Plate 44 . 
Plate 45 . 
Minor ZAHNCAFS showing l eucosome formation in the core . 
mond Farm. 
Keimas -
Minor ZAHNCAFS represented by folds with litt l e or ~o accompanying 
refoliation . Keimasmond Farm. 
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:m the mapped area but it may also be due to h i gher P-T. conditions indicated 
by the metamorphic grade of the rocks i.n the northern block (c. f. chapter III) . 
. TIME 
Figure 58. The deformation mechanisms and optical features of quartz 
produced during creep. Af ter White and Treagus (1975). 
Shear zones and mylonite belts a re normally associated with non-pene-
trative deformation and in most texts are almost exclusively discussed as 
single, linear features. However, t h is is not always the case. The 'Laxford 
E.ront' in the Scottish Highlands is characterised by a suite of such shear 
zones and it would appear that Laxfordian metamorphism and defo~mation 
is the result of this style of deformation becoming penet~ative over wider 
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areas (Sutton and Watson 1962; B.each et al. 1974).. Katz (1968) also describes 
mylonitic textures .that are penetrat ive over wider areas and are not confined 
to a single zone. The Pofadder Line ament is an example of the more connnon 
case where the effects are limited in lateral extent. The mineralo gy of the 
r ocks in the Lineament indicate that low-grade metamorphic conditions wer e 
dominant (Winkler 1974, pp. 73-81) a l though one sample (D.r. 1093, Plate 46) 
at the margin of the main zone showed apparently stable sillimani te . This 
example is unique and generally the presence of chlorite (formed at the 
expense of biotite and hornblende) and muscovite and the absence of co rdie r ite , 
s illimanite and garnet define the pr evailing grade. 
If high P-T conditions are proposed for the formation of . the Pofadder 
ZAHNCAFS why is it then that myloni t e zones in the core of the structure 
(and in many others) indicate low-gr ade conditions? The answer to this pro-
blem has been partially given by Watterson (1975) who pointed out that many 
lineaments remain active over very l ong periods of time - up to 1000 Ma in some 
cases (op. cit., p.521), and he suggested that these are zones of inherently 
weak rocks that localise . any strain affecting a wider area. This interpreta-
tion is supported by the following r elationships: 
d~ (~ )-m (Whi t e 1975b, p.580) 
Where µ = shear modul us 
and ni .= constant of value 0,5 
and e ~ cr 2 
and e ~ d- 1 
(Whi t e 1975b, p.581) 
I 
(Hahn et al., , 1967, p. 776) 
It is obvious that an accellera tion of strain rates is to be expected in 
the core of these ZAHNCAFS since these structures grow in width during pro-
gressive deformation and therefore reduction in grain size is most pronounced 
in the core. White (1975c) states that sub-grains in mylonites are between 
2-10 µm in diameter whereas in normal tectonites they may vary between 10-25 µm 
in diameter and has suggested that 
( 
d mylonite ~2 a metamorphite ii, .JQ = "' (White 1975, p.580) 
d metamorphit a mylonite 
The writer therefore suggests that lineaments are active through long 
periods of geological time and are also active at comparatively low crustal . 
levels where P-T conditions favour low-grade metamorphic assemblages. It has 
been shown by Beach and Fyfe (1972) that lineaments act as channel ways for 
migrating water and metamorphic reactions will consequently be facilitated. 
This interpretation may be generally applicable to other mylonite belts but 
~ xamules of mylonites containing high-grade assemblages are not unconnnon 
(Sutton and Watson 1959, 1962; Theodore 1972; Lundgren and Ebblin 1972; 
Bak et al. 1975a and 1975b; Beach 1974). 
The metamorphic grade now indicated in the Pofadder Lineament does not, 
therefore, reflect the initial grade of deformation in the ZAHNCAFS but is 
a comparatively late feature. 
Plate 46. Photomicrograph showing apparently stable sillimanite in a mylonite 
fabric. X40. 
Plate 47. Folds defined by migmatite neosomes where the anastomosing nature 
of the neosomes is obvious. Keimasmond Farm. 
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The reco gnition of high P-T condi t ions during the formation of the 
ZAHNCAFS has important implications i~ the light of a recent publ i cation by 
Joubert ( 19 74a) in which the Pofadder Lineament is interpreted as a wrench 
fault in te~~ of the M~ody and Hill (1 956) wrench fault tectonic model. This 
model i s based on the Anderson (1951) f ault class ification system where faults 
are analysed dynamically by Navier-Coul omb fracture criteri? - generally 
a ccepted as being valid only for the b r ittle deformation of rocks (Ode 1960 ; 
Price 1966; J aeger and Cook 1969) . Si nce it has been shown t hat the Pofadder 
Lineament results from ductile deformat ion an interpretation involving assump-
tions oj brittle failµre would seem to be questionable. 
It may also be asked whether the brittl e beha~iour of rocks is still a t en-
ab le hypothesis at these postulated P- T conditions (650°c between 3,5 and 5 kb 
in the southern block and 650 ° to 700 °C between 5 and 7 kb in the northern 
block : s ee Fig . 23) . According to Gri ggs and Handin (1960, p . 359) all rocks 
investigated experimentally at 500° c and 5 kb showed ductile behaviour with 
only one exception. According to Orowan (1960) britt le deformation is limited 
to the uppe r 10 km of the crust (~ 3 kb confining pressure) . Edmund and 
Murrell ( i 973) placed a maximum confin i ng pressure of 7 kb at room temperature 
on the brittle behaviour of rock. This 7 kb figure will be considerably 
reduced if higher temperatures are taken into account as the yield point 
between brittle and ductile deformation will be lowered (Heard 1960) . 
2. Zone of reorientation 
Since the publication of the Ramsay and Grah am (1970) paper the simpl e 
shear model has been successfully appl ied in many areas at ,all scales of 
observation . Shear zones on the scale of t he Pofadder ZAHNCAFS have been des-
cribed in Greenland by Bak et al . (19 75a, 1975b) and in Canada by Garnett 
and Brown (1973) . The model has also been used to explain t he origin of the 
Laxford Front in the Scottish Highlands (Beach 19 74) and it may also be ex-
tended to the scale of mobile belts. Bridgwater et al. (19 73) have evoked 
the model to explain the deformation pattern in the Nagssugtoqidian mobile 
bel t in Greenland and Coward et al. (19 73) us ed to explain the deformation 
pattern in the northern margin of the Limpopo Mobile Belt in southern Africa . 
Escher and Watterson (1974) have proposed that the deformational features of 
the Grenville Front in Canada described by Dalziel et al. ( 1969) may also be 
interpreted as a zone of simple shear . The 'zones of straightening ' des -
cribed in the Mozarrillique Belt by Hepworth (1967, 19 72) have been interpreted 
by Escher and Watterson (op cit., pp . 226- 22 7) in a similar manner . At the 
other--end of the scale zones of anomalously- high strain several hundred metres 
in width have been interpreted in terms of the Ramsay / Graham model by Coward 
(1973a, p . 126) . Such narrow high- strain zones may be analagous to the 'shear 
zones' represented by the limbs of fl exural flow folds described in Chapter 
IV (c . f. Fig . 43) . 
The recognition of the Ds and D6 folds in the northern block, their unique 
style, orientation , and spatial relationship to the Lineament raises the 
. problem of finding a mechanism that can account for them. In the" mode 1 proposed 
,.· 
123 
by Ramsay and Graham ( 19 70) for t he f ormation of shear zones, no folds were 
developed but this is a l mos t certainl y an atypical case since the rocks in 
question were isotropic . 
Simple shear model experiments with layered media involving the pro-
duction of folds have been made by Ghosh ( 1966) and Wil cox et al. (1 973) al-
though those made'' by t he latter workers are rather elementary . In th e wri t er ' s 
opinion a comb ina tion of the ab ove experimental approach with the Ramsay / 
Gr.aham he tero genous simple shear model can account for most of t he features 
seen in the Pofadder ZAHNCAFS. 
Ghosh (1 966 ) and Wilcox et al . (197~) - have s hown t hat simple shear model 
tests with layered media a l most always result in t he product ion of f olds but 
Ghosh (op . cit.) has shown that their orientati on and development is entire_ly. 
dependent upon the original relationship of the layers to the simple shear 
strain ellipsoid. In the Pofadder ZAHNCAFS the axis of s i mple shear (the 
shear direction) as deduced from t he displacement patteTI1 trends parallel to 
the Lineament and is approximately horizontal. The b axis (the .line at 
right angles to a in the plane of shear) plunges steeply north and the c axis 
(the line at right angles to t he ab plane) trends northeast and is approximate-
ly horizontal. 
The D5 folds in the ZAHNCAFS have their axial planes parallel to the b 
axis and their axes are contained approximately in the ac plane. In simple 
shear model tests folds with this or ientation form when the layers are origin-
ally stacked parallel to the ac plane. At t he initiation of deformation a 
series of en-echelon folds will be f ormed whose axial planes are parallel to 
the b axis and make an angle of 45° with the a axis (Fig. 59). 
This 45° trend is a lso the orientation of the maximum extension direct ion 
(X- direction) in the rock at the fi r st increment of shear, strain (Ramsay I 967 , 
Fi g. 3-22; Ramsay and Graham 1970, Fig. 8) and t he axial plane represents 
the XY-p lane of the simple shear str ain ellipsoid, i.e. it is forming perpen-
dicular to the maximum shortening di rection in the rock (Fig. 59) . The orien-
tation of the axi a l planes of these folds t herefore corresponds to the folia-
tion direction described by Ramsay and Graham (1970) in isotropic rocks. 
At this stage it is though t advisable to discuss the further development 
of the folds in terms of t he Ramsay / Graham t heory since some of the experimental 
model tests involve static boundary c.onditions and an essential feature of the 
Ramsay/Graham theory is that the af f ected zone increases in width during 
progressive deformation. 
As the shear zone widens during deformation the folds continue to grow 
away from the core in a direction parallel to their trend. At the margins 
of this expanding zone the strain par 'ameters are those seen in the core of the 
zone at the i nitiation of deformation which result in fold axial planes oriented 
at 45 ° to the shear direction. However, i n the core of the zone the first-
formed segments of the f old will be rotated so that< their axial planes take up 
an orientation closer to t he a direction of simple shear. This is because all 
l ines and planes wi t h in a zone of simple shear move towards the shear direction 
with increas ing shear strain and, as a result of the boundary condit ions of 
the model, t he highest shear strains are found in the core of the ZAHNCAFS 
the relationship between shear strain and line orientation is illustrated in 
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Figure 59 . Orientation of folds formed at the f i rst increment of strain 
during simple s hear deforma tion where the layers are parallel to . 
the at plane . Inset shows orientation of the simple shear strain 
ellipsoid . 
Fig. 60. 
Thus far it has been shown th at a series of en- echelon folds may be · 
forme d in the shear zone and that thei r axi al surraces will become curved as 
the shear zone grows in width . One fu r ther phenomenon of simple shear deforma-
tion is that the folds will not only be come rotated but will become tightened 
in the core of the ZAHNCAFS . This can be seen by examining the r e lationship 
between shear strain and the r at io of t he principal axes of the finite strain 
ellipse (Ri:tmsay 1961, Figs . 3-20 and 3-2 1) as sh own here in Fig. 61. The 
exact relationship is. given by the equa tion: 
+ 2 ± y (y 2 + 4H 
2 
Where r is t he radius of the circle touching the ellipse 
( Ramsay 196 7, ) 
p . 84 
I t is obvious that eve.n for compar a tively low values of shear strain 
(y ~ 5) t he ratio of A1 : A2 is approxima tely 25:1 and the rocks will have 
suffere d some 80% shortening. The rat i o of the principal strain axes e s calates 
rapidly wi th increasing shear strain and , t herefore , a marked change will be 
vis ib le across the shear zone both in t he total shortening suffer~d by the 
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Figure 60 . Change in orien tat ion of a lin e making an angl e a with t he 
shear direct i on during inc r easin g s i mple s hear deformation. 
From Ramsay (1 96 7, Fi gs. 3- 23 and 3-24 ) . 
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An illustration of this tightening effect is given J.n the case of folds 
having the same axial plane orientation as the D5 structures, i.e . parallel 
to the b axis of simple shear and with their axes contained in the ab plane. 
As noted above the initial orientation of the axial planes was 45° to the 
shear direct{on and with this informat i on the change in dihedral angle can 
be adequately ·plotted on a graph as a f unction of changing shear strain values 
(Fig. 62) . The insets of Fi g. 62 show the change in shape and orientation of 






unit circle 1.0 
s trained by simple shear 
4,0 5.0 
Shear j 
Figure 6J . The ratio of the principal strain axes expressed as a function of 
shear strain during simple shear deformation . From Ramsay (1967, 
Figs . 3- 20 and 3-21). 
Several features of the Pofadder ZAHNCAFS D5 structures show that they 
possibly formed in a zone of simple shear . These include the fold orientation 
the progressive change in fold orientat ion as well as the apparent t i ghtening 
of these folds adjacent to the Lineamen t. Several features still remain un-
explained and these are: 
(i) absence of synforms between antiforms in some cases . 
(ii) the doubly plunging effect of the antiforms. 
(iii) the presence of 'cross folds' (D5 folds trending parallel to 
the Lineament and deforming the D5 structures) . 
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Figure 62. A. Variation of fold dihedr~l angle as a function of shear strain 
in a plane perpendicul ar to the shear plane and containing the 
shear direction. Initial orientation of fold axial glane 45u 
to the shear direction and initial dihedral angle 80 . Plunge 
of fold axis parallel to b axis . of simple shear. 
B. Change in shape and orientation of folds with given increments 
of shear strain. 
C. Change in shape and orientation of the strain ellipse at the 
same increments of shear strain. 
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Points (i), (ii) and (iii) are part of a refolding effect and they 
indicate a comp ressive strain (pure shea r) acting perpendicular to the boun-
dary of the ZAHNCAFS . In the paper by Ramsay and Graham (1970), and echoed by 
succes sive workers since then, the presence of a pure shear component in the 
fo rma tion of shear zones was discounted . The gene ral consensus is summarized 
i n t he following statement by Es che r and Wat t erson (1 974, p . 223): ' Boundaries 
be t ween undeformed rocks subjected to pure shear deformation must inevit ably 
r es ul t in discontinuities becaus e t he i nitial boundary plane (which is t he 
pr i ncipal plane of t he strain e llipsoid) changes in area i n de formed r ocks 
but no t in the adjacent unde formed rocks ' . 
While this statement is perfe ctly true fo r ro cks de f o rmed by homogeneous 
pure shear it is not true for rock .deformed by he terogeneous pure shear and 
t he failure to recognise this point may have led to some inaccurate extra-
polations of the Ramsay- Graham mode l. This is demonstrated in Fig . 63 which 
s how that ident{cal 'shear zones' in r o cks containing a previous anisotropy 
·· can be formed by entirely different processes. -




The formation of a 'shear zone ' by progressive deformation 
involving either heterogeneous simple shear (A) or heterogeneous 
pure shear (B) . 
In the model of Ramsay and Graham the idea of a pure shear component .was 
relegated on the grounds that the rocks outside the shear zone in question 
were undeformed and the geometri c form of structures within the z'one were 
very close to those predicted by simple shear. In their model it is very 
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difficult to envisage the fabric being produced by heterogeneous pure shear 
alon~, but can components of pure shear strain be entirely ruled out? If 
deformation resulted in a combination of pure and simple shear and if the 
strain increments were infinitely small the main geometric criterion of simpl e 
shear will still exist, i.e. at the zone boundary the orientation of the foli a-
tion would still be at an angle of 45 ° to the shear direction. 
The f act that simple shear is probably responsible for shear zones in 
i so t ropic rocks is not disputed since pure shear alone can not explai n the 
ge ome try and it is exceedingly di f ficult to envis age a mechanism by which 
pure shear deformation could become so localised. But pos s i b l e pure shear 
components must remain a very real problem since a large pure shear str ai n c&n 
be 'accommodated in the model without becoming detected. Therefore, studies 
estimating the amount of crustal shortening (Escher and Watterson 1974) or 
displacement (Beach 1974; Coward et al. 1973; Bak et al. 1975b) across 
shear zones may be inaccurate 
If one considers . a pure shear component with the Z-axis acting perpendicu-
lar to the ab plane of simple shear then points (i), (ii) and (iii) listed 
above are no longer major obstacles. The .D5 fold axial planes are there f ore 
parallel to the XY plane of the pure shear strain ellipsoid and the doubly 
plunging nature of the D5 folds and the 'absence' of synforms t hen r ef l ects 
the type of interference pattern produced by the D5 and .D6 struc t ures (Fig . 
25, type-H). 
Seen on a regional scale there appears to be a progressive increase in 
the size of D5 folds when traced in an easterly direction. The Falls antiform, 
the most easterly D5 structure whose size is known, is nearly 40 km long and 
18 km in wavelength. This variability in fold size is difficult to explain 
in terms of the Ramberg/Biot theories on folding (Ramsay 1967, pp. 372-382) 
since these demand that the wavelength of buckling instabilities should be 
uniform. · 
Price (1975, p.572) has pointed out that the Ramberg/Biot theories may 
not be valid in all cases. He has shown that many fold trains develop 
serially rather than incrementally and the progressive development of these 
structures results in folds much larger in wavelength and amplitude at one 
end of the train than the other. The writer believes that this interpretation 
may be applicable to the D5 folds in the Onseepkans area. It is noteworthy 
that the high-strain end of the D5 fold train is terminated by the Naros 
complex, a large, rigid, intrusive massif extending across the Orange River 
east of Onseepkans. 
3. Strei.in analysis in the Pofadder ZAHNCAFS 
The change in shear strain values across the ZAHNCAFS can be estimated 
by the reorientation of the foliati on as described by Ramsay and Graham 
(1970, p.802), and from these figures the displacement across the zone may be 
computed. · 
For isotropic rocks in which a foliation is produced the limits of a 
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ZAHN CAFS are easily recognis ed. However, it is not possible in anisotropic 
rocks s i nce the limits of t he zone cannot be i dentified with precis ion and 
t h e original orientation of the foliation outside the zone is not known. The 
i deal me thod in these cases (failing the presence of an ident{fiable ZAHNCAFS 
f oliat i on) wo.uld be to plot the change in orientation of the axial pl anes of 
ZAHNCAFS f olds. In t he Onseepkans are a very few minor structures associa t ed . 
with t hese D5 f olds have been recogn i sed and:i t he r efore , no direct measurements 
were pos s i b le in t he fi e ld. Es timates of f old axia l plane orientation t aken 
f rom t he map are not considered r el iable enough . 
Since one of the aims of studying a ZAHNCAFS of this nature is to comp ute 
t he displacement, it is considered essentia l to accept a conserva tive fi gure 
for t he width of the zone in order to avoid ~n overestimate. In practice, 
this determination prove d not to be cr itical as t he bulk of t he di splacement 
figure is given by the high shear strain va lues which are only found in the 
vicinity of the Linaa)Jl~nt. The method proposed by Ramsay and Graham (1970) 
provides a minimum displacement figure since fo l iation directions parallel to 
the ab simple shear plane (the mylonite belt) cannot be used in a computation. 
Most recent studies (Coward et al. 1973; Escher and Watterson, 1974;. 
Bak et al. 1975a, 1975b) have recorded maximum shear strains of .6 or less 
which corresponds to a foliation that is oriented 5° to the shear direction. 
This is a low shear strain figure (c. f . Ramsay and Graham 1970, Fi g. 6) and 
probably r e fl ects the small scale mapping involved and the reliability of the 
fie l d da ta. In traverses across the Pofadder ZAHNCAFS, foliation readings 
were made to the nearest 1° and the final fi gure chosen for t he computation 
was an average of several readings taken at each locality. This enabled 
t he writer to define a maximum shear s train figure of approximately 18. The 
choice of a s uitable traverse line acr oss, the Pofadder ZAHNCAFS presented 
certain problems. This is due to the ' fact that ' the change in foliation orien-
tation is not only due to the presence of the zone but is also influenced by 
t he fo l ds on either side of the Lineament. The line finally chosen is shown 
in Fig. 56 and avoids fold hinge zones which would cause cunsiderab le fluctua-
tion in shear strain values. The cho i ce of the correct shear direction is 
also a potential source of error and i n this case the shear direction was 
arrived a t by ave raging th.e my lonite f oliation orienta tion along the traverse 
line which gave a shear direction of 107°. For the purposes of the computa-
tion the northern limit of the ZAHNCAFS was taken slightly inside the axial 
trace of the Sh ining Sister antiform where there is still an obvious relation-
ship between the orientation of the f oliation and the Lineament. It is em-
phas ized that this is though t to be we ll inside the proposed limits of 
ZAHNCAFS development. The strike of t he . foliation at the limit of the zone 
on t he traverse line is 65°. The sout hern limit was taken at the Orange River 
since no reliable data were available south of the study area. However, the 
air photo interpretation suggests that the immediate zone of reorientation south 
of the Lineament ends a short distance south of the river. The shear strain 
across the traverse line is given by t he formula: 
'CO t a. l = CO t CX. + y (Ramsay 1967, p.88) 
Where a. angle between the shear dire ction and the foliation at the margin 
' ,.· 
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of the zone and a. 1 represents . subsequent foli9.tion orientations as the core 
of the zone is approached. 
. y = cot a. 1 - cot a. 
The displacement' across thezone is found by graphing the changing shear strain 
values and integrating the area under the curve (Ramsay and Graham 1970). 
This has been done for the Pofadder ZAHNCAFS and the result is shown in Fi g . 
6Li . This graph is a best fit 6th order polynomial re gression strain distribu-
tion curve (computer progranun BMD0-5-R Health Sciences Computing Facility, 
University California, Los Angeles, 1965) ,; · which gives a displacement figure 
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Strain distribution curve across the Pofadder ZAHNCAFS assuming a 
formation by heterogeneous simple shear. Trend of zone 107°, 
initial orientation of t he foliation at zone boundary 65°, a= 42°. 
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I t has been suggested above that t h e Pofadder ZAHNCAFS did not r esult 
from heterogeneous s i mple shear alone but als o involved a pure s hear component . 
It is quite conceivable that this component was a post- ZAHNCAFS flattening 
b ut it is mo r e likely that it acted incrementally . Obviously any pure shear 
component will have the effect of r educing the app arent displ a cement comp uted , 
by the abo've method . The actual amount may be estimated for any given pure 
shear component where X = a, Y = b and Z = c , since t he angle which the 
f oliation makes with t he shear direction befo re and after defor mat ion is given 
by : 
tan e l = tan e· ,( ~ l ) ~ (Ramsay 196 7, p . 67) 
2 
Where e1 is t he .angle which the foliation makes with the shear direction afte r 
a combined pure shear/simple shear deformation, and S i s t he angle resulting 
fr om simple shear only. 
The actual lengths of the pure shear strain ellipse axes need not be 
known a s t he formula involves only the ratio of t hese parame ters . 
To test the ef f ects of incremen tal pure shear comp onents on the dis -
placement f i gure given above t wo fur ther strain distribution curves were p lo t -
ted for 20% and 40% pure shear strai ns corresponding to A1 : A2 of I : 1, 6 and 
1:2, 8 . The strain component cons ide red incremental ly varies from a maximum 
value in the core of the zone to zero at the boundary (to faci litate t he 
computation only the pure shear component was added to the simp le shear model 
as a post-simple shear heterogeneous pure shear flattening effect) . The 
above pure shear strain components are cons i dere d r ealisti c and approximately 
compat ible with the dihedral angle of the D6 f olds forming the dome and basin 
structures at the margin of t he ZAHNCAFS . These curves are reproduced in Fig . 
65 and give displacements of 90 km and 85 km respectively . Pure shear st r a ins 
of t he above amount , if cons i dere d as a post- ZAHNCAFS effect and not incre-
mentally, wiil res~lt in slightly gr eater reduc t ions in apparent displacement . 
A reduction of 14% in app arent disp l acement results from a 40 % incremental 
homogeneous pure shear component in the formation of the ZAHNCAFS which 
suggest s that the displacement estimates based on a simple she a r model alone 
provide solutions of the right order of magnitude . 
It has been assumed here that the axes of the pure shear strain ellip-
soid are ~xoughly coincident with t hos e of the simple shear e llipsoid (Fig . 
66A) . There is no fundamental reason why this should be so and it would be 
more compat i b le with the suggested model t o have the pure she ar X-direction 
paralle l to b and t h us s ub- parallel to .the Y- axis of the simple shear ellip-
soid (Fig . 66~ ) . This would then produce a maximum extension direction in 
the surrounding rocks perpendicular to the axial trend of D6 folds . This 
consideration woul d still further reduce the disparity in displ a cement produced 
by a pure shear component acting in the ZAHNCAFS . 
The incremental pure shear component has not only accentuated the 
finite strain hetero genity but has also produced fold interfer ence patterns 
varying f r om type- H crescent shaped folds near the core t o type- B dome (Fi g . 
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DISPL A CEMENT 
A = 100km !simple shear) 
B = 90 k m (s imple shear+ 20 % pure shear) 
C = 85 km ( simple shear + 4 0 % pure shear ) 
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Figure 65 . Best-fit strain distribution curves across the Pofadder ZAHNCAFS 
assuming a combination of heterogeneous simple shear and incre-
mental homogeneous pure shear components. Curve from Fig. 64 . 
included for comparison. 
4. Relationship be-tween t he my l oni t e fabrics and the zone of r e-
orientation . 
In Sect i on I VA3 it was pointed out that t he structures and fabric elements 
i n the mylonites tended to have the same orientation as the structures in the 
sur rounding gneisses (c. f . Plate 4 1) . It is now suggested that t h is mirror 
i mage ef f ect is due to t he strain patte rn in the core of t he XAHNCAFS that 
existed during the period of refoliation. 
It can be seen in Fig. 61 tha t even for modest amounts of shear stra in 
(y = 3) t he orientation of t he X-direction of t he simple shear strain ellipsoid 
is s ub-parallel to the: ab simple she ar plane. For further strain increments 
the greatest direction: of shortening in t he rock will be virtually perpendicular 
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.Fi gure 66 . Schematic representation of two possible combinations of pure 
and simple shear t hat may be app l icab le to the Pofadder ZAHNCAFS . 
t o t he ab plane . This shortening will be reinforced by 
ponen t r egardless of t he orientation of t he X- direct ion 
Z-direction to be perpendicular to the ab plane. 
the pure shear com-
and assuming only the 
In the be plane of simple shear .the · Z:Y axial ratio of the simple shear 
e llipse at y = 18 is 1:3, and t he Z:X ratio of the pure shear strain ellipse 
corresponding to a 40% strain is 1:2,8 or, in the situation where the X-
dire ction ·is parallel to b,Z:Y is 1:1,7. The shape of the combined pure shear 
zone/simple shear strain ellipse can be computed by si~ple matrix operation 
(Ramsay 19 67, p . 322-326) and Fig. 67 illustrates how the final shape depends 
on the orientat ion of the pure shear component . The two ell ipses have ratios 
of 1:8,7 or 1:5,3 . 
If the pure shear component in a case such as Fig.66B is suff iciently 
large this may change the Flinn plot (c . f. Fi g . 44) from a type l <k<oo to a 
type l>k>O, that is, to one of apparent flatt ening. Thus it can be seen that 
while t he overall strain pattern in the ZAHNCAFS is one of hetereogeneous 
simple shear strain and 'stretching' (Escher and Watterson 19 74) the core of 
one of these zones may be characterized by strong flattening strains . 
The rotation and tigh tening of folds adjacent to the Lineament has been 
described above but Rams ay (1962, 196 7, pp.411 - 415) has pointed out that there 
is a limit -at which shortening in layered rocks can no longer be accommodated 
by folding and beyond which the superimposed homogeneous strain produces 
flattened f olds . The flattened folds in the core of the ZAHNCAFS which have 
their axial planes parallel to the ab plane of simp le shear will result in the 
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Figure 6 7 . Shape of the YZ plane t hrough the combined pure shear/ simple 
shear strain ellipsoid parallel to the be plane of simple shear 
and assuming a 40% pure shear component and y = 18. A. Xps~Yss, 
Yps=Xss, Zps=Yss. B. Xps=Xss, Yps=Yss, Zps=Zss. 
Figure 68. 
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It is suggested that refoliation of t he core rocks during this stage of 
ZAHN CAFS forma tion has produced my lon ites oriented parallel to the f inite strain 
ellipsoid XY plane, t he f old axi a l plane s and , be cause of the hi gh shear strain 
invol ved, para llel to the ab plane . Folds in t h e mylonites are probably of 
s i mi l a r type (Plate 40) and h ave the same orientation as the flattening struc-
ture s. I n the hinge zone of t he Mission antiform and imm~di at e ly adj acen t 
to t h e Line ament a fold axial plane cleavage is unquestionab l y de fined by t his 
rriy.lonite fabric which con t ains a lineation p r oduced by s i llimani te needl s 
(th i n s ection DT 1093, Plate 46). Away fr om the core of t he zone t he my lonite 
fol i at ion appears to be conf i ne d to t he mo r e incompe t en t hornb l ende gneisses 
t h a t form envelopes around the D5 fold cor:es cons i s ting of quar t zo-feldspathic 
gneiss . This produces small bifurcations from the main my lonite belt. 
5. The development of the structural pattern south of the Pofadder 
Lineament and pr essur e shadow effects 
The absence of D5 and D6 folds s outh of the Lineament is strikingly appa-
rent in the Onseepkans area (Fi g . 56 ) and the change in structural style has 
also been noted in the Warmbad area by Beukes (1973). This distinction is 
illustrated by the orientation diagrams for t h e southern block (F i g . 57, zones 
SA, SB) which shows that the zone wi th fabrics parallel to the shear dire ction 
is much wider here than in the northe rn block where the ZAHNCAFS folds have 
caused a more abrupt deflection of the earlier fabrics . 
The model for the development of the ZAHNCAFS outlined in the preceding 
pages predicts the presence of Ds and D6 structures in this area and their · 
absence requires some modification to the hypothesis. Severai contributory 
factors have affected the style of deformation in the southern block . It is 
known, for example, that P- T conditions here were lower than in the area north 
of the Lineament and the effect of varying P- T parameters on deformation is 
well documented (Griggs et al. 1960; Heard 1960; Biot 1'961, pp . 160 7-1 611) . 
The write r believes , however, that t h e simplest explanation is found in the 
relationship of the southern block to the neighbouring Vioolsdrif complex. 
When Fig. 56 is examined it can be seen that · in an area between the Viools-
dr if comp l ex and Tantalite Valley there is no reorientation of folds and folia-
tion as the Pofadder Lineament is approached. Only east of Tantalite Valley is 
t h is shearing effect noticeable. This is a classic example of a pressure or 
strain shadow which is produced in t he low-strain area adjacent to a rigid 
incompressible body perpendicular to the . maximum shortening direction. 
The deformation of materials containing rigid isotropic bodies has been 
i nvestigated theoretically and experimentally by Savin (1966) and Stromgard 
(1973) . The extent of the pressure shadow depends on the shape of the ri gid 
body and ratio of applied stresses and an examp le of the role played by the 
latter is shown in Fig . 69. It is suggested , rather speculatively, that the 
Pofadder ZAHNCAFS could represent the interface between compressive and ten-
sile stresses in this example as shown in Fig.70. 
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Figure 69. Stress distribution inside and outside a rigid incompressible 
body for different values of applied stresses. Px =horizontal 
stress, Py = vertical str ess. Shaded areas represent areas of 
tensile stress . (Stromgard 1973). 
· The pressure shadow region in t h e Pof adder ZAHNCAFS obviously encloses the 
area from the Vioolsdrif complex to Tantalite Valley but the distinction in 
structural style across the Lineament persists well to the east of Tantalite 
Valley and suggests that the pressure shadow effect may be more extensive. 
Perhaps the strain shadow hypothesis can explain the absence of Ds and D5 folds 
in the southern block on the grounds that this area has been isolated from the 
pure shear component in the ZAHNCAFS formation. The 'extension' of the strain 
shadow between Tantalite Valley and Pofadder therefore illustrates ZAHNCAFS 
formation by the classic example of simple shear only. 
Although the strike slip origin for the Pofadder ZAHNCAFS is weil proven 
on structural grounds the apparent displacement is not compatible with litho-
logical observations. In Chapter III it was shown that a very marked change in 
metamorphic parageneses takes place across the Pofadder Lineamen.t defined by 
high-grade and granulite-grade assemblages in the northern block and medium--
grade assemblages in the south. It was proposed that vertical displacement 
,.· 
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Figure 70, Distribution of stress and strain around a rigid body showing 
hypothetical displacements along interfaces between positive 
and negative stress fie l ds. 
along the Lineament could account for this; in other words, the southern 
block represents a higher crustal s egment that has been downthrown relative to 
the northern block. 
The strike slip displacement may reflect an early stage in the development 
of the ZAHNCAFS up to the formation of the mylonite belt. It has been shown 
in section IVB1 that mylonites, being weak rocks, will localise any subsequent 
stress and it is therefore acceptable on theoretical grounds to sugges t that 
the vertical component of movement represents a closing stage in the develop-
ment of the ZAHNCAFS. A similar disparity in displacement evidence is mentioned 
by Sutton and Watson (1962, p.96) a l ong many of the small shear zones repre-
sented by the Laxford Front in the Scottish Highlands. The reorientation of 
a pre-existing foliation in most of these zones indicates vertical movement 
but in some cases a horizontal disp l acement of up to 0,5 km was shown by dyke 
displacement. 
6. Regional considerations 
The area east of the Vioolsdrif complex and south of the Pofadder Lineament 
in which medium-grade metamorphites are preserved appears to be limited in ex-
tent because, further to the south, norites and granulite-grade assemblages 
are reported in the Pofadder-Aggeneys region by Joubert (197~b) . The southern 
limit of the norite-free zone roughly coincides with an eas t-west trending dis-
continuous shear zone (Joubert 1974a,Fig. I, and maps in preparation) south of 
/ 
Pofadder and north of Aggeneys. lt is possible, therefore, that the medium-
grade crustal segment is bounded by mylonite rocks both in the north and in 
the south. The area west of Aggeneys has not been studied but my lonite belts 
mapped by Joubert may extend some distance further towards t h e coast, s outh 
of the Vioolsdrif complex. East-west trending mylonite belts have been des -
cribed in the northwestern Cape Province at t h is lattitude by Gevers et al . 
(1937) and in the eastern Richters ve ld by De Villie rs and Sohnge (1959, p .112) 
and mylonites with a similar trend have been note d in th e area north of Stein-
kopf by Bertrand (pers. connn.). 
Si gnificantly, a series of northeast trending en-echelon doub ly-plunging 
folds have been mapped south of the mylonite belt in the Po f adder- Aggeneys 
area (Fig. 71) and therefore they present a similar situation to the Pofadder 
ZAHNCAFS which bounds the Vioolsdrif complex in the north. Fig.71 should be 
· compared with Fig. 70 showing the strain shadow patterns around a rigid body. 
It should be noted however, that the displacement directions indicated by these 
folds is not the same as that for the Pofadder ZAHNCAFS. 
Vioolsdrif 
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Figure 71. Sketch map of the .Goodhouse-Onseepkans area showing the disposition 
of mylonite belts and associated en-echelon doubly-plunging folds 
in relationship to the Vioolsdrif complex. 
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The distinction between the medium-grade and high-grade metamorphic assem-
blages across the Pofadder Lineament has also been noted by Jackson (1976) . 
300 km to the northwest in the Aus area (see Fig. 24) and this would mean .that 
the model tentatively proposed here may be app licab le to a large portion of the 
Namaqua belt. This could imply that the Vioolsdrif complex and its envelope 
of medium-grade metamorphites is bounded by shear zones and is a large graben 
structure . 
This i n terpretation also gains some suppor t from r adiometric data. All 
grani to ids of the Vio olsdrif complex yield a ges of 1750-1 900 Ma (Krone r l 9 7L~b ). 
A minimum age of ~1755 Ma has been obtai ned from a mafic gne is s at Luder itz 
(Kr one r 1975) and a minimum age of ~ 1575 Ma was ob tained from a maf ic gneiss 
south of t he Pofadder Lineament near Pofadder (Kroner 1974b). Al l ages ob-
tained on Namaqua belt rocks outside the 'graben ', including the Springbok 
area to the southwest (Clifford et a l. 1975), the Aus, Ai-Ais and Onseepkans 
areas to the north and the Upington area to the east (Kroner 19 74h, 1975; 
Nicolaysen and Burger 1965) a ll give ages va rying between 900-1200 Ma with 
only one exception from the Onseepkans area. No details about methods etc. 
are taken into account here and the interpretation of such variations in pre-
liminary age dates is controversial, but the 1750-1900 Ma ages may reflect 
the ear l ier closing of the system i n the highe r level rocks now f orming the 
graben (York and Farquahr 1974, pp. 100-108). The various radiometric, meta-
morphic and structural attri~utes of the 'graben' are shown in Fig . 72 and the 
radiometric data for rocks in the Onseepkans area are shown in Appendix l. 
Th is conjectural model for the geology of the Namaqua belt and the Viools-
drif complex differs from recent interpretations by Blignault (1974) and 
Bl i'gnault et al. (1974). In Blignault's model the 'grey gneisses' in the 
Namaqua belt are interpreted as having formed from the older, unfoliated Viools-
drif complex by progressive m~amorphism and associated deformation. The non-
penetrative mylonite foliation seen in the Vioolsdrif complex, for example, 
is equated with the first tectonic fabric (s 1 ) developed in the mobile belt. 
Blignault 's hy,Pothesis is at variance with recent st,udies by Bertrand 
( 19 76) i n the Henkr'ies-Goodhouse area. There the Vioolsdrif Granite is 
described as intruding into foliated and mi gmatised 'grey gneisses' with 
subsequent metamorphism locally producing strongly foliated and migmatised 
gneisses fr om the intrusives. The low-grade mylonite foliation is stated to be 
superimp osed on these ear lier fabrics and this would reinforce observations by 
the writer from the Warmbad area that the mylonite foliation in the granite is 
associated with a similar foliation in the Pofadder Lineament, i.e. it is the 
latest fabric developed in the rocks and not the earliest as proposed by 
Blignault. The intrusion of the Vioolsdrif Granitoids into the 'grey gneisses' 
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Figure 71· Outline of the 'Richtersveld graben' showing the distribution 
of radiometric age dates (abbreviated to 1000 Ma event outside 
the graben) metamorphic assemblages and structures. Data from 
Gevers et a~. 1937; De Villiers and Sohnge 1959; Beukes 1973; 
Joubert 1974b; Blignault et al. 1974; . Jackson 1976 and Kroner 
1974b, 1975. 
CHAPTER VI 
MESOSCOPIC FOLDS AND 
FINITE STRAIN ESTIMATES 
This chapter is concerned with t he mesoscopic folds which are found 
throughout the Onseepkans area. Quantitative techniques are used in the study 
of these folds in order to determine the rheological properties of the rocks 
during deformation and the fold-forming mechanisms. Further techniques are 
employed to estimate the total finite strain suffered by the folded rocks. 
Considering the size of the area mapped this stu~y cannot be regarded as an 
exhaustive analysis of mesoscopic folds or finite strain states and the 
limitations are detailed in section VIA3 
The following section outlines t he theoretical background to the study of 
folds and will serve as a basis for t he succeeding analysis. 
A. INTRODUCTION 
1. Fold development. 
During the last 15 years the study of f olding in naturally deformed rocks 
has benefited enormously from a steadil y growing amount of experimental and 
ma thematical work (Biot 1961, 1964, 1965a, 1965b; Biot et al. 1961; Ramberg 
1959, 196la, 196lb, 1963a, 1963b, 1964; Chapple 1968, 1969; Sherwin and 
Chapple 1968; Die terich and Carter 1969; Ghosh 1968; Ghosh and Ramberg 
1968; Price 1967; Ramsay 1967; Patersen and Weiss 1966; Cobbold et al. 
1971; Handin et al. 1972; Hudleston 1973a, 1973b; Hudleston and Stephansson 
1973; Currie et al. 1962; Johnson and Honea 1975; Donath 1971; Mathews et 
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al. 1971; Gay and Weiss 1974; Hobb s 1971; Flinn 1962; Stabler 1968; 
Skjernaa 1975). Perhaps the most i mportant conclusion reached in some of 
these studies is that folding is rela ted to the thickness of the layer being 
deformed and the viscosity contrast between this layer and the surrounding 
material. The expression connecting these parameters is: 
Wd = 2rrtJ 
(Biot 1961 , p.1614 ; 
Ramb e r g 196la, p.418) 
wh re Wd "' domi nnnt f ol d wave l ength 
t thickness of the layer 
µ 1 , µ 2 viscosity of layer and medium respectively 
Although this expression has subsequently been modified its applicability 
ha s been demonstrated in experimental work and in naturally deformed rocks 
(Sherwin and Chapple op. cit; Ramber g 1964; Biot et al. op. cit; Currie et 
al. op. cit; Hudleston 1973b, 1973c) . The most significant modification to 
the theory resulted from the realisat ion that materials deform homogeneously 
prior to buckling (Sherwin and Chappl e op. cit.), an effect tha t i s now 
commonly referred to as · 'layer-parall el shortening'. This enables the above 
expression to be rewritten as: 
Wd = 2rrt 3 
where s = j '}q I Az 
(Hudleston 1973a, p.29) 
of the homogeneous strain 
A further limitation has been s uggested by Chapple (1968, p.50). He has 
shown that the Ramberg/Biot theory only holds for folds with limb dips of less 
than 15°. Beyond this angle the development of the fold is related to its 
amplitude and the actual wavelength (W) is dependent on the ratio W/Wd and 
limb dip. 
2. Sta t es of s t rain ~n and around t he folded layer. 
This aspect of folding theory ha s been reviewed by Ramsay (1967, pp.386-
411, pp.415-421) and Ramberg (196la, 196lb, 1963, 1964). Both authors have 
established that there are two dominant processes by which folds develop; 
f lexural slip or flexural flow (conc entric shearing strain) and t angential 
longitudinal strain (concentric longi tudinal strain). The most obvious 
difference between these two processe s is that, in the former, the sites of 
greatest strain are found on the fold limbs and, in the latter, greatest 
strain occurs in the fold hinge. Two further fold producing mechanisms have 
been identified. Ramsay (1967, pp.4 21-436) discussed the problem of similar 
folds in which layers behave passivel y and are transposed or sheared by a 
closely spaced set of planes at an angle to the layering. Ramberg (1963a, 
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pp.6-10) has suggested an analogy be tween similar folds and what he terms 
' b nd i ng f olds ' which nre folds produced by compression perpendicular to the 
l n ~·1'{11 g ·rn 11wl frn tr. pt r ocks . ' Shear' folding encounters problems in that 
t II' 11wclt11n l nm docs no t acco un t f or the periodicity of these structures and it 
!J t1R b en further s hown by Ramsay (1967, pp .411-415) that similar folds may be 
r .gnrded as no r ma l buckle f olds which have suffered an infinite amount of 
1ost-£ol d homogeneous flat tening (s ee also section VIB3). 
If there is s uffi cient viscosit y contrast be tween the f olding layer and 
the surrounding materia l the latter will simply be pushed as i de by the develop-
ing fold and be squeezed out of its core. Approximately one wavelength away 
from the layer the surrounding mater ial will deform homogeneously without 
folding. In buckled multilayers the more incompetent (less viscous) material 
will be squeezed into the hinge zone s and will resemble a flexural flow fold. 
3. Fold classification. 
The analysis presented in sect i ons B and C is based on certain techniques 
which will now be outlined. 
The application of folding theory to naturally deformed rocks is largely 
dependent on the fold classification system developed by Ramsay (1967, pp.359-
372). This is the only quantitively based fold classification system in 
exi stence and the only one that al l ows folds to be compared unambiguously. 
Basically the system involve s computations made on fold profiles. The 
thickness of the layer (ta ) is measured between tangents drawn on the bounding 
surfaces for equal amounts of dip (a ) and this is expressed as a ratio (t1) of 
ta /to where to is the thickness of t he layer measured in the fold hinge (Fig . 
72A). The changing shape of the fo l d can then be represented by a graph oft 
against a. If lines (isogons) are drawn across the fold connecting points 
formed by the tangents at equal dip (a ) then an additional tool f or fold 
description is provided. Using thes e methods Ramsay (1967, pp.386-396) ha s 
defined 3 main classes of folds repr oduced here in Fig. 72B. Class 1 is 
fur ther subdivided into folds that have strongly convergent dip isogons (lA) 
where t 1 > I those that have convergent _dip isogons (lB) where t1 = I (parallel 
f olds) and those with weakly convergent dip isogons (lC) where t1 < I. In class 
2 folds the dip isogons are parallel and these represent similar folds. Class 
3 folds a r e those with divergent dip isogons. 
In the present study these computations were made on fold profile photo-
graphs taken from specially selected areas. Altogether some 207 photographs 
of folds were taken. Not all of these could be used in the analysis, the most 
common handicap being the inability to define exactly the contact between two 
layers . It was found in some cases that, where the outcrop surfac e did not 
represent a fold profile, the oriented photograph wa s out of focus in places . 
This also resulted in the limitation of the number of photographs taken s i nce 
outcrop surfaces that were at a high angle to the fold profile could not be 
used. All fold classifications published so far have been on profile planes, 
and the writer did not investigate the possibility of using other sections 
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through the fold for these analyses. 
In a fold train isogons can be rapidly dr awn without involving errors 
resulting from poor choice of bounding surfaces by the use of incoherent image 
processing (Lasserre and Smith 1974). This technique is less suitable for 
the analysis of individual folds or quarter wavelength folds. 
A 
Figure 72 
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A. Fold profile showing relationship of layer thickness (ta) 
to limb dip (CL). 
B. Fold classification system based on limb dip and layer 
thickness after Ramsay (1967, Figs. 7-18 and 7-25). 
183 folds were classified in the present study, by far the majority of 
them are class lC and the second most important group are class 3. 
4. Harmonic analysis. 
Not all folds are amenable to t r eatment by the above method. Folds 
defined by surfaces rather than by l ayers can be studied by Fourier analysis 
(Stabler 1968) in which folds are described by a sum of a number of sine and 
cosine harmonics of decreasing ampli t ude. In the present study 168 quarter-
wavelength folds were analysed by thi s method using a digital computer 
(written by C.J. Hartnady 1974). The first (b1), third (b3) and fifth (b 5) 
harmonics were plotted; higher value s have little significance since Hudleston 
(1973c) found that about 95% of the f old shape was given by the first harmonic 
and less than 1% by the fifth. The shape can therefore be adequately des-
cribed in almost all cases by the fi r st and third harmonics. 
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Computation was again made on fold profile photographs. The three 
invariant points on the fold were identified and a perpendicular was drawn 
rrom a tangent at the hinge to the l i ne connecting the inflexion points (or 
to the point where a line parallel to t he hinge tangent intersects one 
inflexion point in asymmetric folds) . The quarter-wavelength is then divided 
according to the harmonic number requir ed and measurements are made from this 
axi s to the f old surface. The resul t s can be plo tted on a ·graph of b1 
against b 3 for comparison or as fr equency histograms. 
Since harmonic analysis describes attributed such as fold shape and 
' tightness' it is equally applicable to many of the normal layer f olds class i -
fied by t1 /a methods. 
5. Finite strain estimates . 
During the past few years t he emphasis in structural geology has shifted 
from the mere description of structur es to an analysis of the stress, strain 
and mechanisms of deformation. One a spect that has received cons iderable 
a ttention is the determination of the amount of type of finite strain to which 
deformed rocks are subj ected. This i s most easily accomplished with objects 
of known original shape such as fossils (Breddin 1964; Tan 1973) but it has 
been attempted in most cases with conglomerate pebbles or oolites (Flinn 
1956; Anhaueusser 1966; Hossack 1968; Dunnett 1969; Gay 1969; Elliott 
1970; Mathews et al. 1974). It has also been attempted with crystals 
(Wilson 1972; Durney and Ramsay 197 3 ; Mukhopadhyay 1973) and in one case 
(Borradaile 1974) with neptunian dykes. 
The use of shear zones to determine finite strain states has been review-
ed in the last chapter. 
Modern finite strain analyses us ing folds have received relatively little 
attention (Ramsay 1969, p.58; Mukhopadhyay et al. 1969; Talbot 1970; Hudle-
ston 1973c; Coward 1973a) possibly because of the many untestable assumptions 
inherent in the method (Hudleston op. cit. p.126). However, folds are far 
more widely developed in highly deformed rocks than are conglomerates and the 
wr i ter believes that the possibility of making strain estimates is so rare 
that every attempt must be made to us e the .available material. 
The method of investigation involves the recognition of 3 diff erent 
processes operating during t he defo rma tion of layered rocks. These are the 
pre-fold layer-parallel shortening (Sherwin and Chapple 1968), buckling, and 
post-fold homogen'eous flattening (Ramsay 1967, pp. 411-415). The strain 
analysis requires that these deformations be 'removed' starting with the last. 
All class lC folds (the most common class in the Onseepkans area) may be 
regarded as flattened parallel folds and the axial ratio of the post-fold 
pure shear strain ellipse may be read directly off a t 1/ a graph (Ramsay 1967, 
Fig. 7-79). The higher the flattening strain the more the fold approaches 
class 2. The folds may be unflattened by graphical means and the dihedral 
angle measured. The axial ratio of the strain ellipse required to produce 
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this dihedral angle from a fold with limb dips of 15° may then be computed 
since it has been shown by Hudleston (1973b) that fold amplification from 15° 
limb dips takes place w:lthout change in arc length. 
The initial stage of de f ormation producing f olds with 15° limb dips mus t 
also take into account the layer- parallel shortening and this can be estimated 
using the graph in Fig. 73 t aken from Sherwin and Chapple (1968). A review of 





















Dominant Wavenumber A = 2 " t 
d wd 
Graph for the estimation of strai n resulting from layer-pa rallel 
shortening and buckling for folds with limb dips up to 15°. 
From Sherwin and Chapple (1968, Fig. 5). 
6. Approach to Fold Analysis in the Onseepkans Area 
It is not possible to give a comprehensive fold description of the 5000 
km . area covered in this report. The writer consequently decided to limit the 
study by examining folds from specially selected areas. 
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It has been pointed out by Elliot (1972) that folds growing in a plane 
strain environment (fold axis parallel to Y) have hinge zones that a r e the 
site of coaxially-accumulating deforma tion paths, whereas in the fold limbs 
n -w material s ur faces become the princ ipal strain sites with each increment of 
st rain . Tl1is statement is easily verifiable i n many cases since hinge areas 
f major folds are the l ocus of abundant minor parasitic fo lds whereas para-
sitic f olds on the limbs of maj or st r uctures are comparatively few . 
In the field minor folds show a pronounced increase in numbers in the 
hinge zones of large structures and therefore minor f olds in these areas may 
be taken as typical of the de f ormation pattern that produced the l arger 
struc t ures. The writer selected for analysis mesoscopic folds taken from the 
hinge zones of several major folds found in the eastern and western sub-areas . 
In practice the fold analysis is confined to D3 and D4 folds since minor folds 
as sociated with other deformational events are either absent (D1, ~2) or very 
rare (D 5, D5). In the following sections the minor folds are described by . 
generation in the relevant sub-areas. · 
B. MESOSCOPIC FOLDS IN THE WESTERN SUB-AREA 
1. D3 folds, classification and shape fac tor studies. 
The largest D3 fold is the Leopard synform and the majority of minor 
f olds described in the western sub-area come from its hinge zone. Fig. 74 
illustrates the variety of the fold types found in this locality (c.f. also 
Plate 19 and Fig. 40). 
The most common rock type in the hinge zone is migmatised biotite gneiss 
and the majority of the analysed folds are defined by gneissic layering or 
migmatite neosomes. This adversely a ffects the interpretation of the data 
since metamorphic layering is seldom mineralogically consistent and the com-
position of an individual horizon may vary considerably from one end of the 
fold strain to the other. There is a strong possibility that many of these 
hor izons were not planar prior to folding and this may also lead to erroneous 
interpretations. In some cases (Plate 47) the anastomosing nature of the neo-
somes is obvious but in most cases the superimposed flattening strain has 
obliterated initial irregularities in the folded layers. 
About 80 quarter-wavelength folds were studied by the dip isogon method. 
In most cases it was found that the isogons diverged from the inner to the 
outer arc of folds defined by quartzo-f eldspathic horizons and converged on 
the outer arc of folds defined by biotite-rich layers (Fig. 75). 
In some instances isogons are very nearly parallel to the fold axial 
planes but even when this occurs in one part of a fold train the 'normal' 
converging/divergent pattern is detectable in the other parts. On t1/ a plots 
it was found that the quartzo-f eldspathic horizons tended to give class lC 




the folds in Fig. 75 and illustrates a well developed example of this pheno-
m non. The overall effect in some fold trains was a class 2 form produced by 
1i:t t 't:nn i n~ clnss s lC nncl 3 f old s . 
These plot s nnd the d i p isogon pat t e rns show that the quartzo-feldspa thic 
layers have behaved mo re competently than the bi otite schists, and similar 
onclusions have been rea ched in other studies of this nature by Hudleston 
(19 73c , p .117) and Cowa rd (19 73a, p.144). Thus, although the total effect may 
b a class 2 form, i.e. similar folds (Ramsay 1967, pp . 430-436), the analysis 
has shown that the structures have not developed regardless of the lithology 
to produce what Wynne-Edwards (1 963) has called flow f olds or what Donath and 
Parker (1964, Plate 6) called passive folds (Hudleston 1973, p.112). 
Dip isogon studies and t1/a plots were also made on f olds in amphibolite 
horizons but results were less consistent than above. Where amphibolites are 
bounded by 'biotite schist the fold s show dip isogons convergent on the i nner 
arc of the fold and the t 1 /a plots show the amphibolite to be more competent 
(class lC) than the biotite schist (Fig. 77 and Plate 48)~ 
Folds defined by amphibolites in quartzo-feldspathic rocks, however, show 
dip isogons both convergent and divergent on the inner arc of the fold (Fig . 
78A). A t1/a plot of one horizon shows a clearly defined class lC fold (Fig . 
78B). This anomolous behaviour of the hornblende-bearing rocks may help t o 
explain the va riability of the fabrics seen in amphibolites from the eastern 
sub-area (c.f. Fig. 29). 
In the Leopard synform hinge zone the sequence of rock types in terms of 
increasing ductility are: quartzo-feldspathic gneiss <> amphibolite > bio-
tite schist. Both Cowa rd (1973, p.144) and Francis (1973, p.177) found that 
amphibolites are less competent than quartzo-f eldspathic rocks and therefore 
the present ductili~y sequence is different in this respect. 
It can be seen from Fig. 74 that the shape of D3 minor folds covers a 
wide range and this variation may be found in single fold , train. In Plate 49 
for example the f irst order antif orm is a relatively open structure with a 
rounded f old hinge but the associated synform (below the scale) is isoclinal 
and has a sharp hinge area. To the above right of the scale small second 
order folds are isoclinal with sharp hinges and are disrupted in some cases 
to form minute rootless or intrafolial folds. 
For purposes of comparison the shape factor of folds may be qualified 
using harmonic analysis and for this purpose 63 quarter-wavelength folds were 
analysed . Since the majority of the folds in this locality are defined by · 
migmatite banding or metamorphic layering it was not possible to gather 
sufficient data for shape analysis by different rock types. 
The magnitude of the first harmonic (b1) indicates the wavelength/ 
amplitude ratio or the degree of fold tightness. A frequency histogram of 
for the Leopard synform minor folds (Fig. 79) shows an asymmetrical distribu-
tion about a mean of 3,2. This figure may be compared with published 'shape 
factor' charts by Stabler (1968) and Hudleston (1973a) and in terms of the 




Amphibolite horizon in biotite schist forming class IC folds. 
Keimasmond Farm. 
A Leopard synform minor fold showing the variability of fold 
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Figure 74. Drawings of mesoscopic folds taken from the hinge zone of the 





Dip isogons drawn on folds defined by alternating quartzo-
feldspathic layers and biotite schist layers. Note the strongly 
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Classifi~ation of folds in Fig. 75. A and B refer to A and B in 
Fig. 75. 
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Fold classification of an amphibolite horizon in biotite schist 
(Plate 4S). 
The ratio of the third to the fi r st harmonic (b 3/b 1) gives a quantitative 
estimate of the overall fold shape. Fig. SOA is a frequency histogram for 
b3/b1 and shows a symmetrical distribution about a mean of 0,06. · The data 
were further broken down to give a comparison of the inner and outer arcs of 
folds having a class lC geometry . The b3/b1 ratio for the inner arcs (Fig. 
SOB) gives a mean of 0.04 while the outer arcs have a mean of O.OS (Fig. SOC). 
This implies that the inner arcs of an average class lC fold have sharper 
hinges than the outer arcs. This phenomenon is well illustrated in Plate 50 
and in Fig. SlA which is a b 1/b 3 graph for this pegmatite. The plots for 
the inner and outer arc describe dif f erent trends as a result of their 
'sharpness' contrast between inner and outer ar~. The data therefore suggest 
that the class lC folds may have been formed by a process of tangential longi-
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A. · Dip isogons drawn on alternating amphibolite layers 
(stippled) and quartzo-feldspathic layers. 














1 2 3 4 5 6 7 8 9 10 11 12 
Frequency histogram for t he first harmonic for 65 quarter wave-
length folds in the Leopard synform. Distribution is a symmetric 
about a mean of 3,2. 
sharp hinge while extension above the neutl;"al surf ace produced a more rounded 
hinge zone (Fig. 81B). 
A similar but less pronounced trend is shown by b1/b3 graphs of other 
folds. Most folds plot along the line b3 = 0 with b 1 values up to 3. Accord-
ing to Hudleston (1973c, p.119) this distribution results from the flattening 
of gently buckled layers. 
2. D3 fold finit e strain estimates . 
Finite strain estimates were made on 20 folds (Fig. 82) according to the 
method outlined in section (AS) and t he total shortening suffered by the rocks 
in the fold profile plane has a mean value of/ 112 /111==.11 which represents a 
s t rain ellipse with axia l ratios of 9:1. The bulk of this figure is given by 
the pre-buckle layer-parallel shortening as estimated from the cha~ (Fig . 73) 
given by Sherwin and Chapple (1968). The mean pre-buckle strain i s 11 2 / 11 1=0,33 
(ellipse 3:1) and the mean flattening strain_/112 / 11 1=0,54 (ellipse 1,9:1) and 
the buckling strain i~ ll2 / ll 1=0,64 (ellipse 1,6:1). These figures are very 
similar to those of a study made by Hudleston (1973c, p.124) on a much larger 
selection of minor folds in the Scottish Highlands. 
Some problems were encountered with the pre-buckle strain computation as 
the distribution about the mean is much more asymmetric here than in either 
the flattening or buckling strains. This led to total finite strains record ed 
in some folds as high as 87:1 which appears to be an unrealistic figure. This 
Plate 50. 
Plate 51. 
Folded pegmatite vein in the Leopard synform illustrating the 
shape difference between inner and outer arcs of class IC 
folds . Orangefall Farm. 
Bushman Hills antiform minor fold refolding D3 structures 
(seen at both ends of t he scale) and illustrating how earlier 
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A. Frequency histogram for the ratios of the third to the first 
harmonic (b 3/b1 ). Distribution is symmetric about a mean 
of . 0,06. Total 65 quarter-wavelength folds. 
B. Frequency histogram of b 3/b 1 for the inner arcs of class lC 
folds, mean 0,04. Total 31 quarter-wavelength folds. 
C. Frequency histogram for b 3/b 1 for outer arcs of class lC 
folds, mean .0, 08 ~ Total 34 quarter-wavelength folds. 
indicates that some of the assumptions used by Sherwin and Chapple (1968) may 
be open to question •. 
Some fold trains show little variation in flattening strain,v'A 2/A1 for 
the fold in Fig. 77 varies between 0,3 and 0,4. The flattening strains in the 
folded pegmatite (Plate 50 and Fig. 83), however, vary between 0,2 and 0,8 and 
illustrate strain heterogeneity over a :very small area. 
3. D4 folds; classification and shape factor studi es. 
The best preserved D4 fold in the western sub-area is the Bushman Hills 
antif orm and minor folds from its hinge zone were collected from the area 
where its axial trace crosses the Velloor River valley (Fig. 84). Here the 
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A. Graph of b3 / b 1 for the inner arcs (dots) and outer arcs 
(crosses) of the pegmatite showa in Plate 50. Dashed lines 
indicate linear t r ends of data. 
B. Fold formed by tangential longitudinal strain which will 
giv~ distribution of data as shown on the b3 /b1 graph. 
After Ramsay (1967, Fig. 7-63). 
neosomes, but amphibolites are more common in this locality than in t he Leo-
pard synf orm and a higher percentage are defined by alternating hornblende-
rich layers and quartzo-feldspathic layers. Additional problems in interpre-
tation . are posed by refolded D3 f olds which can cause misleading variations in 
layer thicknes s and hence fold clas s ification (Pla te 51). 
Dip isogon studies show that the patterns produced are exactly as that 
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Figure 82. Frequency histograms fo r the various components of finite strain 
computed for 20 Leopard synform minor folds. 
A. Total finite strain, mean 0,11 
B. Flattening strain, mean 0,54 
C. Buckling strain, mean 0,64 
D. Pre-buckle layer parallel shortening, mean 0,33. 
of quartzo-f eldspathic layers and converge on the outer arc of micaceous hori-
zons. On t 1 / a plots the effect is one of alternating class lC and class 3 
folds although this may produce an overall class 2 appearance. 
The anomalous behaviour of amphibolite horizons when compared to quar tzo-
feldspathic rocks is also apparent in D4 folds. Dip isogons can either con-
verge or diverge towards the inner arc of amphibolites, sometimes with both 
patterns in a single fold train and where amphibolite horizons are confined 
between quartzo-feldspathic rocks t hey often show either class lC or class 3 











Figure 83. Variation in flattening strain through .a single fold train 
(Plate 50). 
amphibolite horizons (EF) on the inner arc of a quartzo-feldspathic layer (CD) 
give class 3 folds while the amphibolite horizon on the outer arc (AB) gives 
class lC and lA. According to Ramsay (1967, p.416) and Hudleston (1963c, 
p.117) a similar situation occurs i n a zone of contact strain around buckled 
layers where class 3 folds are produced on the inner arc and class lA folds 
on the outer arc. In the example s hown in Fig. 85, however; the 'buckled' 
l ayer itself (CD) is class 3 - class 2 whereas class lB or lC would be expected. 
This may possibly be explained by a strong flattening strain having modified 
the fold geometry (Hudleston op. cit., p.118). 
The frequency histogram for the first harmonic (Fig. 86A) has a mean of 
2,9 and indicates that the measured D4 folds (total 46) are very slightly more 
open than measured minor D3 .folds (mean 3,2). The mean b3/b1 is 0,06 and t he 
distribution on the frequency histogram (Fig. 86B) is 'approximately symmetrical 
about the mean. The mean b3/b1 for the inner arcs of class lC folds is 0,03 
and for outer arcs 0,08 (Figs. 86C and 86D). These figures are virtually 
r 
identical to those for D3 folds and indicate both that the range of fold shapes 
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Mesoscopic folds from the hinge zone of the Bushman Hills anti-
form. 
4. D4 fold finit e strain estimates . 
The mean total finite strain i n the fold profile plane ~easured on 17 
folds is 0,16 (Fig. 87A) which gives an ellipse with axial ratio of 1:6,3. 
This compares with a mean of 0,11 (ellipse 1:9,1) for the measured Leopard 
synform folds. The breakdown of this finite strain figure into flattening 
strain, buckling strain and pre-buckling strain is shown in Fig. 87B, C and D. 
It can be seen that for all categories, the strains are 19wer than those for 
the D folds (compare with Fig. 82). The conclusion that D4 folds have 
suffered less strain than D3 folds i s, to some extent, obvious since the 
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Figure 85. · Fold _ classification of intercalated amphibolite and quartzo-
feldspathic horizons in the Bushman Hills antif orm. 
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Angle of dip a:. 
Fold classification for amphibolite horizons (stippled) on the 
inner and outer arc .of a quartzo-feldspathic horizon (CD). 
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Figure 86. Harmonic analysis of me soscopic folds in the Bushman Hills 
antiform. 
A. Frequency histogram of b1 for 47 quarter-wavelength folds, 
mean 2,9 
B. Frequency histogram of 47 quarter-wavelength folds for 
ratio of b3 / b1 ; mean 0,06 
C. Frequency histogram of b3 /b1 for 23 inner arcs of class lC 
folds; mean 0,03 
D. Frequency histogram .of b3 /b1 for 24 outer arcs of class lC 
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Frequency histograms of strain in 17 Bushriian Hills antiform 
mesoscopic folds. 
A. Total finite strain; mean 0,16 
B. .Flattening strain; mean 0,59 
C. Buckling strain; mean 0,7 
D. Pre-buckle layer. parallel shortening; mean 0,37 
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C. THE EASTERN SUB-AREA 
Data f or mesoscopic f old description in t h i s sub-ar ea wer e co l l ected from 
the hinge zones of the Plessis synform (D
3
) and t he Cobra synform (4
1
) since it 
can be shown that these structures definitely belong to diffe rent gene r a t i ons. 
1. D3 f olds ; classification and shape factor studies. 
The majority _of the folds analysed in the Plessis synf orm are defined by 
quartzo-feldspathic layers and the mineralogical contrast between these layers 
is never great. This situation is very different from the ~ Leopard Synf orm 
where the folds were mostly defined by alternating quartzo-feldspathic layers 
and biotite schist~ 
The dip isogon studies show that the convergent/divergent pat t ern between 
successive layers is still apparent but is not as pronounced as in ro cks with 
contrasting mineralogy. The slightly more mafic-rich horizons show isogons 
weakly convergent on the outer arc of the fold and on t1 /a plots these horizons 
show a class 3 form very close to class 2. This conrirms the differing rheo-
logical behaviour of rocks with higher mafic mineral content that was established 
in folds from the western sub-area. No photographs of folds defined by amphi-
bolite horizons were taken. 
The first harmonic has a mean of 1,6 (Fig. 88) and there is less variance 
about the mean than seen in the Leopa~d synform folds (Fig. 79). This would 
again appear to be the result of low compositional variations .in successive 
layers in the fold. ~ It has been suggested by Hudleston (1973c, Fig. 14) from 
a comparison of b1 histograms for f olds in different lithologies that the mean 
and the variance about the mean incr eases sharply as the mineralogical dis-
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Figure 88. Frequensy histogram for the first harmonic in ?-9 Plessis synform 
quarter-;wavelength folds; mean 1,6. 
'I 
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The frequency histogram for the ratio of the third to the first harmonic 
(Fig. 89) shows a symmetrical distribution about a mean of 0,01. This is 
s ignif icantly lower than the 0,06 mean for Leopard synform folds and it has 
also been proposed by Hudleston (1973, Fig. 15) that b 3/b1 means increase in 
proportion to the compositional distinction between the layers . The mean 
b3/b1 for inner arcs of class lC folds is 0,02 and f or outer arcs 0,04; the 
distinction of 0,02~·for innet and outer arc s is only half that for the Leopard 
synform f olds (0,04) and therefore the shape difference is less marked . This 
may imply that a higher component of tangential longitudinal strain was in-
volved in the production of class lC Leopard synf orm folds where obvious 
compositional differences are apparent. In the Plessis antiform the f olds 
have perhaps developed by flexural slip on surfaces between quartzo-felds-
pathic layers of approximately the same competency and therefore the 'sharp-
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Frequency histogram fo r the ratio of the third to the first 
harmonic in 19 Plessis synform quarter wavelength folds; 
mean 0,01. 
In many cases the folding produced in these quartzo-f eldspathic rocks is 
related to the thickness of individual layers. Where, for example; a thin 
layer is sandwiched between two thick layers in a folµ hinge, compound fold · 
wavelengths are produced (Plate 52) and the thinner layers form second order 
folds (Ramsay 1967, pp.415-421). 
2. D3 folds; finite strain estimates. 
Strain estimates were made on t en folds only and this may not be sufficient 
to make a meaningful comparison with D folds in the western sub-area. The 
total finite strain suffered by Ples sis synf~rm mesoscopic folds is/A2/A1=0,I I 
(ellipse 9:1) which is identical to the Leopard synform folds. The frequency 
. , 
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histograms for the different strain components is shown in Fig. 90 and these 
are broadly comparable .to the histograms in Fig. 82. 
3. D4 folds ; classification and shape factor studies . 
The r ock type most commonly encountered at the southern end of the Cobra 
synform is def ormed Beenbreek gr anit e with r emnants of pre-tectonic gneisses . 
Many of the folds anal ysed i n this locality are def ined by e i t her aplitic 
material or migmatite neosomes. No f olds defined by amphibolites were en-
countered. 
Dip isogon patterns obtained on these folds s how a strong convergence 
towards the inner arc of aplitic or neosome bands and on t1/ a plots these 
· bands are classif i~d as lC folds with the surrounding augen gneisses forming 
class 3 folds. This relationship is very similar to the pattern produced by 
alternating neosome i~aterial and bio t ite schist in the Leopard synform. 
r 
The f requency histogram for the first harmonic (Fig. 91A) shows a higher 
mean than that f or the adjacent Plessis synform and also a greater variance 
(compa re with Fig. 88). The frequency histo gram for the ratio of the first to 
the third harmonic (Fig. 88B) shows a symmetrical distinction about a meau of 
0 which is, in fact, lower than would be expected from studies on the Leopard 
synform folds where the distinction between the layers is equally marked. 
However, the difference between the inner and outer arc is very marked; for 
inner arcs the mean b 3/b1 is 0,06 and for outer arcs 0,03. This implies that 
the shape difference . on the inner and outer arcs of class lC folds is greater 
than any other major structure examined. It may be suggested that the 
relatively pure quartzo-feldspathic gneisses forming the aplitic material is 
therefore the most competent (least ductile) rock type in :the area. Hudleston 
(1973, p.117) also found that pegmatites virtually free of mafic minerals 
provided the greatest contrast between inner and outer ares of folds and h e 
offered a similar interpretation. 
Biotite schist horizons deformed between neosomes or aplitic material 
appear to have formed with a very high component of flexural flow. The limbs 
of these folds show a better foliation than t he hinge zones and occasionally 
small neosome bands in these localities are strongly disrupted and form intra-
f olial folds on whiGh the foliation is axial planar (Plate 53). The hinge 
zones, however, do not show strong second order folding and the axial plane 
foliation does not appear to be strongly developed (see also Fig. 43b). 
4. D4 f olds; finite strain estimates. 
Strain estimates from 11 folds gave a total shortelin7 'in the fold profile 
plane of~l = 0,15 (ellipse 7 :1) as compared to A2 Al = 0,16 ~or 
the D4 Bushman Hills antiform in the western sub-area. The various component s 
of finite strain are shown in Fig. 92 and these are very close to those 
obtained for the Bushman Hills antiform minor folds. 
~ 
\ 
Plate 52. Plessis synform minor fo l d showing fold development with a high 
component of flexural sl i p in quartzo-feldspathic rocks. Compound 
fold wavelengths are developed in the fold hinge as a result of 
variable layers thickness. Stolzenfels Farm. 
Plate 53. Flexural flow fold in biotite schist from the Cobra synform. 
Note well developed foliation and intrafolial folds on lower 
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Frequency histograms for the various components of finite strain 
computed for 10 Plessis synform minor folds. 
A. Total finite strain; mean 0,11 
B. Flattening strain; mean 0,61 
C. Buckling strain; mean 0,74 
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A. Frequency histogram for the first harmonic in 24 Cobra syn-
forrn quarter-wavelength folds. 
B. Frequency histogram for the ratio of the third to the first 
harmonic in 24 quar ter-wavelength folds. 
D. DISCUSSION 
A selection of mesoscopic fold s have been examined from the hinge zones 
of some of the major structures in t he eastern and western sub-areas. It is 
assumed that minor folds in these l ocalities are unambiguously related to the 
major structures and it is further a ssumed that these folds can be considered 
typical of the deformation producing the folds. 
The last assumption is open to question as flexural flow folds will show 
higher strains of fold limbs. The difficulty in making positive correlation 
between major and minor structures i n these localities, however, restricted 
the scope of the study. 
Dip isogon studies and ti/a f old classification have established certain 
patterns which suggest that the lithology defining the folds exercises a 
controlling influence over the class of fold produced. The pattern produced 
by an association of rock types is consistent not only over the entire area 
but also during succeeding deformation episodes. The only exception to this 
rule is the relation between amphibolites and quartzo-feldspathic gneisses 
where the former can either form class lC or class 3 folds.. However, this 
exception is also consistent in tha t the same variability continues through 
the second episode of deformation in the western sub-area. 
The normal pattern that has emerged _is that quartzo-feldspathic rocks 
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Figure 92. Frequency histograms for various components of finite strain 
. measured on 11 Cobra synform minor folds. 
A. Total finite strain; mean 0,15 
. B. Flattening strain; mean 0,49 
C. Buckling strain; mean 0,71 
D. Pre-buckle layer-parallel shortenirig; mean 0,4 
j . 
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folds. Quartzo-feldspathic rocks are therefore interpreted as being more 
compet ent than the biotite-bearing r ocks. 
Harmonic analysis has shown that definite shape differences exist between 
inner and out er arcs of folds. In many cas es t his indicates tha t class lC 
folds (the majority of measured f olds ) developed by buckling and that the 
mechanism of deformation included a h igh component of tangential longitudina l 
stra i n . The layers have not behaved passive ly therefo r e and similar or ' shear ' 
f olds are not encountered . 
One further aspect that may be emphasized is that the s hape and t i ghtness 
of measured f olds shows no meaningful differences between f olds of succeed ing 
gene r a tions. In fact, the data presented here are virtually identi ca l to a 
much more extensive study of minor f olds made by Hudleston (1973c) in t he 
Scottish Highlands. 
A strain analysis has shown that a variable degree of homogeneous 
f lattening has been superimposed on the buckle folds. Total finite strains in 
the fold profile plane between differ ent fold generations vary between 6:1 and 
9:1 and are broadly consistent for t he whole area. These results are similar 
to other studies made on 'early' f olds in other areas. Hudleston (1973c, 
p.124) found a total shortening of 11:1 for 157 F2 folds in the Loch Mona r 
area of the Scottish Highlands and Coward (1973a, p.146) has shown that 43 F3 
folds in the Laxf ordian gneisses of South Uist have total strains varying 
between 7:1 and 14:1. The variance about the mean is high for most components 
of strain and some folds record strains of over 30:1. The histograms for 
flattening strain presented by Coward (op. cit. Fig. 4) show a similar 
variance. 
One of the aims of structural geology is to provide a quantified account 
of deformation (finite strain) in naturally deformed rocks. The analyses 
discussed above give an indication of the finite strain represented by folds 
of ~ifferent generations in different parts of the area. Such studies could 
be extended to othe!t" structures commonly found in the Namaqua belt such as 
deformed megacrysts and mafic inclusions in granite, deformed conglomerates 
and deformed porphyroblasts. Eventually a quantitative estimate of the finite 
strains represented by granites, shear zones, folded rocks etc. would lead to 
an estimate of the total shortening across the mobile belt. This aspect of 
structural geology, therefore, is one with far-reaching implications. 
E. CORRELATION WITH OTHER PARTS OF THE NAMAQUA BELT 
The polyphase nature of the de f ormation in the Namaqua belt is now well 
documented (Joubert 1971, 1974a, 19 74b; Vajner 1974; Blignault et al. 197 4 ; 
Jackson 1976; Beukes 1973) and the possibility of correlating deformational 
events between these areas is suggested. Such an app r oach has been strongly 
advocated by Hopgood (1973) and Hopgood and Bowes (1972) but the methods which 
these authors used have been critic i sed (c.f. Ramsay, Coward, Sutton and 
Windley in dis~ussion of Hopgood 19 71, and Coward in discussion of Bowes in 
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Francis 1973, pp.183-185). It would now appear that such correlations are 
invalid unless there is at least a well established continuity of major 
structures between the areas under comparison. 
The recognition of a particular fold ' style by which individua l mesoscopic 
fold s of one generation can be recognised has been criticised by Park (1969), 
Williams (1969) and Ramsay (1967, p. 546). The quantitative studies of folds 
belonging to different generat ions descr ibed above have furthe r more shown t hat 
t here i s a consider able overlap in many features general l y referred to a s f old 
style . 
The importance of layer thicknes s and the lithology in the development of 
t he fold-forming mechanism has been emphasized in preceding sect ions . For 
example, thin component layers in a fold developed by flexural flow will form 
tight to isoclinal parasitic folds and sometimes intrafolial folds on the limbs 
(Plate 53) while in the hinge zones of the large structure open folds are 
present. Coward (1973a) has also shown that the orientation of axial planes 
of parasitic folds around a large str ucture may vary by up to 180° since the 
direction of maximum shortening in a layer folded by tangential longitudinal 
strain' has a similar variability (c. f . Fig. 81B). 
The correlation o f intrafolial folds might be particularly misleading . 
It was shown in Fig. 45 that these s t ructures can result from no r mal pro-
gressive deformation in certain part s of a f old train; · however, their ubiquity 
in the Onseepkans area requires an alternative mechanism. 
It has been shown by Ramberg (1955) tha t boudinage results from com-
pression perpendicular to the layering and the scale of boudin development is 
a function of the thickness of the competent layers and their viscosity con-
trast with the matrix. If a series of folds is flattened then the hinge zones 
of minor parasitic folds on the flanks of the larger structures have effective-
ly 3 times the thickness compared to the remainder of the folded layer (Fig . 
93). Boudinage will then result in these hinge zones becoming isolated to 
form intrafoliai folds. If the layers are of varying thi~knesses, it is quite 
possible for intrafolial folds to occur between thicker, apparently 
'undef ormed' layers (Fig. 93B and Plate 54). In the Onseepkans area folds of 
two generations have suf f ered a post-fold homogeneous flattening strain and, 
therefore, this mechanism of intrafolial fold formation was clearly available. 
The much quoted distinction of Rast (1956) between boudinage and rootless folds 
is therefore misleading; many rootless folds are boudins. · 
In most deformed rocks it is very difficult to determine the de f ormation 
path by which the finite strain state was obtained (Ramsay 1969, p.54) but the 
influence of the deformation .Path in terms of the structures developed in the 
rock has very important i~plications (Elliot 1972, p.2629). In the Onseepkans 
area a clear indication of this importance is given by a consideration of the 
Pofadder ZAHNCAFS, a feature known to be produced by predominantly rotat ional 
(non-coaxially accumulating) strain. A series of large folds produced in the 
ZAHNCAFS has a 90° variation in orientation between the core and the margin . 
Adjacent to the core the folds are isoclinal and, in one locality, they have 
an axial plane foliation. At the margin of the zone some 30 km away these 
folds are open dome-and-basin struct ures with no accompanying fabric element. 
It can be seen from this example tha t a high component of fheterogeneous rota-





A. Development of int r afolial folds by the flattening of larger 
structures. 
B. T~e occurrence of i ntrafolial folds between 'undeformed' 
layers. 
tional strain produces a great diver sity in fold style. 
As more detailed work is collat ed on mobile belts it is becoming apparent 
that the various attributes of fold s collectively referred to as 'style' may 
change considerably over short distances. Tobisch et al. (1970) have examined 
a 450 km area of Moinian and Laxfor dian rocks in the Scottish Highlands and 
have shown that minor folds show a wide range of style and orientation over 
distances as small as 5 km. 
For these reasons the writer f eels that any correlation of folds and fold 
sequences between the Onseepkans are a and other areas in the Namaqua belt is 
not possible at this stage and there fore such a correlation has not been 
attempted. 
Plate 54. Rootless f old in biotite schist horizon intercalated with 
quartzo-feldspathic gneisses. Orangefall Farm. 
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CHAPTER . VII 
SUMMARY 
The rocks in the Onseepkans area consist of a series of -layered gneisses 
(the Onseepkans sequence), intrusive granitoids and mafic bodies. No evidence 
was found to indicate that the layered gneisses represent a -cover sequence and 
there is no evidence that any of the granitoids constitute a basement. Only a 
small percentage of the layered gneisses can be positively -identified as meta-
sediments. Quartzites are virtually restricted to the are~ south of the Pof-
adder Lineament while the Beenbreek megacrystic granite and the Eendorn granite, 
which is its equivalent in the Warmbad area," are restricted to the area north 
of the Lineament. Rocks of pelitic composition are represented by quartz-
muscovite schist (Kambreek . formati on ) south -o{ the Pofadder Lineament and by 
cordierite-garnet gneiss (Jerusalem formation) in the north. 
The earliest detectable metamorphic event in the area took place under an-
hydrous granulite- grade conditions approximately contemporaneously with the 
intrusion of a series of charnockitic suite rocks (Stolzenfels norite and ender-
bite formation). Parts of these bodies are now represented by mafic granolites 
. and these grade impercept ibly into .isotropic rocks . his metamorphic event 
(the Kumian) y_r.o.duc-e-d- gar-a-e- and sillimanite in rocks of pelitic . composition. 
Later retrograde events have largely eradicated the earlier parageneses and 
the effects of Kumian metamorphism in other formations are not well known. 
Xenoliths in the Beenbreek megacrys t ic granite preserve Kumian parageneses in 
some of the mafic granol ites and in the Jerusalem formation . The P-T condi-
tions of this event wer 8- b at 0 - .a§0° c ~ Charnockitic suite rocks, 
orthopyroxene~bearing metamorphites and garnetiferous rocks of pelitic compo-
sition are absent from that part of the area south of the Pofadder Lineament. 
u 
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A later metamorphic event , (the Velloorian) was associ-atecL . ..with the wide-
spre evelopme!!!_o gmat:Lfu , the intrusion of the .BeenbreeL megacrystic 
granite and the Naros granitoi~.. The Velloorian is divisible into a pre-Been-
fi r •ck phase (M 1) and a post-Beenbreek phase (M2 ) •. Both phases appear to have 
1il'v1• I 1)) • -1+1-~·1: h · g 1- ,rn le metamorphic conditions ·def_iped_E.y ' uar tz + muscovite 
(lit!: ' 'I'll ,• V11 fl~) n· i, w n ni.d tcd in t he ret ·rogrcssi on of pyroxenes to ho nb ende 
i.11 th• rnaf ic gr.'.lnol i tes and t he marginal areas of the nori tes . I n the Jerusalem 
formation extensive rimming of arne h- G-uli eri is thought to be due to this 
even t . ~of the o a der Lineament medium-.grade metamorphite.s de fined.. by 
' quar us cO-vite in' ound i 11,_.rocks ~~suitab~com osition . Cordierite 
only is found in these rocks and it appears to .be a prograde mineral unlike the 
association f ound in the north5rn block. P-T conditions of . this event in the 
northern block were 650° - 700 between 5 and 7 kb and in the southern block 
650° C between 3,5 and 5 kb. 
--- . . The very pronounced change in metamorphic parageneses across the Pof adder 
Lineament is compatible with the interpretation of the southern block as being 
a preserved upper-crustal segment. 
~ 
The major crustal break now represented by mylonites of the Pofadder Linea-
ment forms the core of a shear zone (Pofadder ZAHNCAFS) that .varies in width 
from 20 - 40 km . . In the zone of reorientation adjacent to the mylonite i n the 
northern block a series of northeast trending, en-echelon doubly plunging folds 
have been formed (D 5 ) as a result of destral displacement in the shear zone. 
Some of these folds are over 30 km long and at the margin of the .ZAHNCAFS they 
pass into open 'dome and basin structures . . A component of pure shear in the 
development of the ZAHNCAFS is thought . to have been respons.ible for the refolding 
of the Ds structures to define a younger northwest trending fold set (D6). 
Neither D5 or D6 folds are present south of . the myl0nite belt and this may be 
due to a strain shadow effect connected with the presence, farther -west, of the 
large ri gid mass forming the Vioolsdrif complex. A-minimum displacement of 85 
km is indicated if the development of the shear zone involved a 40% pure shear 
component. 
The lack of retrograde effects in the zone of reorientation and the partial 
anatexis connected with some minor shear zones suggests that the Pofadder ZAHN-
CAFS formed under medium to high-grade metamorphic conditions. The quartz fabric 
in the mylonites shows that these rocks have been .formed by dislocation and re-
covery - a dynamic process typical of hot working. 
Two earlier sets of macroscopic folds have been identified (D3 and D4 ) and 
in the eastern sub-area, where the effects of the Pofadder ZAHNCAFS are no t seen, 
it is apparent that these earlier folds show a wide range in trend. The D3 
Leopard synform in the western sub-area is the only major fold with a fairly 
well developed axial plane cleavage (s3) but fold hinge linear fabrics are a 
fea ture of many of the major structures. Two earlier periods of deformation 
are identified on the basis of foliated xenoliths found in the Beenbreek mega-
crystic (D1) and in the Naros granitoid (D2) . No folds formed during these 
periods of deformation have been recognised. The pre-Beenbreek foliat ion ( 81 ) 
is well developed in the area as a whole and together with s3 probably forms 




A quantitative study by harmonic and t1/a analyses of D3 and D4 mesoscopic 
folds has shown that the fold style is largeiy dependent on the lithologies 
defining the folds. Competent .horizons have a class lC form· and indicate a 
formation by buckling with high components of tangential . longitudinal strain 
or sometimes flexural slip. Incompetent ho r izons are usually . those richer in 
biotite and they have a class 3 form . The overall ef fe ct .is clas s 2 (simi l ar 
fold) but the quantitative studies have shown tha t these are no t t rue ' shear ' 
fol ds. It has also been shown .that di fferent generat ions . of st r uc tures do no t 
have a unique fold style but the lithologies which produce certain patt erns for 
D3 f olds will produce the same patter ns for the younger, D4, f old s. 
Finite strain estimates on D3 and D4 folds show total shortening in t he 
fold profile plane varying from a mean of 1:9 . for D3 folds to 1:6 for D4 folds. 
However, considerable variations exist for each major structure examined. This 
gives an estimate of the shortening suffered by the layered rocks in the Onseep-
kans area. Such~tudies can e~entually lead to the determination of the shorten-
ing across the Namaqua belt. 
Five out of six age dates (Appendix 1) suggest that the . '1000 Ma event' 
recognised elsewhere in the Namaqua - Natal Mobile belt ·may also be r eco gni sed 
in the Onseepkans area. However, this figure may indicate the clos i n g of the 
system as age dates appear to change south of the Pofadder Lineament where hi gh-














































































































































































































































































































































































































































































































































































































































































































































ALTHAUS, E. (1967) The Triple Point Andalusite- Sillimanite-Kyanite. Contrib . 
Minera l. Petro l . Ji, pp 29-44. 
( 19 68) Der Einf lust des Was sers Auf Metamorphe Mineralreacktionen. N. 
- --Jb . Mineral . Mh . .2_, 289- 306 . 
---(196 9) Das System Al 20 3-S i03 - H2 0 Experi mentelle Unte r s uchungen und 
Folgerungen f ur die Petro genese der Metamorphen Gesteine . Tei l II , III . 
N. Jahr . Mineral. Ab . ..?_, pp 111 - 161. 
, NITSCH, K.H . and KAROTKE, E. (1970) An Experimental Re-examination . ---of the Upper Stability Limit of Muscovite Plus Quartz. Jahrb. Mineral . 
Monatsh . pp 325-336. 
ANHAEUSSER, C.R. (1966 ) A comparison of Pebble and Fold Deformation in the 
Ne lspruit Granite Contact Aureole. Econ. GeoZ. Res. Unit . Univ . of 
Witwatersrand Inf. Gire . lQ_, pp 11. 
BAK , J., KORST GARD , J. and SORENSEN, K. (1975) A Major Shear Zone Within 
the Nagss uftoqidian of West Greenl and. Tectonophysics !:]__, pp 191-209 .. 
, SORENSEN , K., GROCOTT, J., KORSTGRRD , J~A., NASH, D. and WATTERS ON, I . ---(1975) Tectonic Implications of Precambrian Shear Belts in Western 
Greenl and. Nature, 254 , pp 506-569 . 
BEACH , A. (1974) The Measurement and Signifi cance of Displacements on Lax-
fordian Shear Zones, North West Scotland. Proc . Geol. Ass . 85, pp 13-21. 
, COWARD, M.P. and GRAHAM, R. H. ( 1974) An Interpretation of the Struc----tural Evolution of the Laxford Front, North West Scotland. Scott 
J . Geol. pp 297-308. 
, and FYFE, W.S. (1 972) Fluid Transport in Shear Zones of .Scourie ---Sutherland . Guidance for Overthr usting. Contrib . Mineral & Petrol . 
~.pp 175-180 . 
BEHR, H.J., TEX , E. den, DEWAARD , D. , MEHNERT , K. R., SCHARBERT, H.G., 
SOBOLEV, V. St., WATZNAUER, A., WINKLER, H. G.F., WYNNE-EDWARDS , R. R., 
ZOUBEK , V. and ZWART , H.S. (1971 ) Granulites. Resul ts of Discussion. 
N. Jb . Miner . Mh . pp 97-123. 
BELL , T. H. and ETHERIDGE, M. A. (1973) Microstructures of Mylonites and 
Their Descriptive Terminology . Lithos . ~. pp 337-348. 
BENEDICT , P.D., WIID , D. de N., CORNELISSEN, A. K. and STAFF (1964) Progress 
report on the geology of the O'okiep Copper District in Haughton , H.S. 
(Ed.), The Geology of Some Ore Deposits in Southern Africa. · GeoZ . Soc. 
S. Afr., ~' 238-3 14 . 
BERTRAND , J.M. (19 76) Granitoids and De formation Sequence in the Goodhouse 
Henkries Area. A New Interpretation of the Relationship Between the 
Richtersveld Area and the Namaqualand and Bushmanland Gneiss . Precam-
brian Research Unit, Uni v. Cape Town~ in press. 
I . 
179 
BEUKES, G.S. (1973) 'n Geolo giese ondersoek van die gebied suid van Warmbad 
Suidwes-Afrika, me t spesiale verwysing na die roetamorf-magmatiese 
assosiasies van die Voorkambriese gesteentes . ·Unpuhl. D.Sc. thesis, 
Univ. Orange Free Stat e . 
BILLI NGS, M.P., Structura l Geology. Prent ice Hall , New Jersey . pp 606. 
. . . 
BINNS , R. A. (1 965) The Mine r a l ogy of Me t amorphosed Bas i c Rocks from the 
Willyama Comp l ex , Broken Hill Dis trict . New South Wales , Part I. 
Hornblendes . M-in. Mag . ~' pp 306- 326. 
l3 I OT , M. A. ( 196 1) Theory of Folding of Stratified Viscoelastic Medi a and its 
Impl ication in Tectonics and Oro genesis. Geol . Soc . Am. Bull . 72, 
pp 1595-1620. -
(1 96 4) Theory of In t e rna l Buckling of a Conf ined Multil aye r Structure. 
Geol . Soc . Am. Bul l . J.2, pp 563-56 8. 
---(1 965a) Theory of Vis cous Buckling of Gravity Inst abi l ity of Multi-
~~~y e rs with Lar ge Deformation. Geol . Soc . Am. Bull . !!:_, pp 371-378. 
(1 965b) Further Deve lopment of the Theory of Internal Buckling of 
Mult ~~-~_Y e_: s_: __ Geol . Soc. Am. BuU. !!:_, pp _83_3_-:- _~9 ~-· _______ ·-
, ODE, ·H. and ROEVER, W.C. (1961 ) Experimental Verification of the ---Theory of Folding of Stratified Viscoelastic Media. Geol. Soc . Am. 
BuU. I!:_, pp 1621-1632. . 
BLi GNAULT, H.J-. - 0 974) Aspe cts of the Richtersve ld Province in Kroner, A. 
(Ed.), Contributions to the Precambri an Geology of Southern Africa. 
Precambrian Res . Uni t ~ Univ. of Cape Town pp 49-56. 
, JACKSON, M.P.A., BEUKES, G.J. and TOOGOOD, D.J. (1974) The Namaqua 
---Tectonic Province in South West Africa i n Kroner, A. (Ed.), Contribu-
tions to the Precambrian Geology of Southern Africa. Precambrian 
Res . . Unit .,'. Urdv . of l. Cape Town. 
BORRADAILE, G.I. (1972) Variably Oriented Co-Planar Primary Folds. Geol. 
Mag . 109. 
,(1 974)'. Bul k Finite Strain Estimates from the Deformation of Neptunian 
---' 
Dykes . '1. 'ecl;onophyai ca ..?3_ , p. 12 7. 
llREDDIN , H.' (1 964 ) Die Tectoni s che De fo r mation <le r Fos s ilicn und Gcs t e ine 
in de r Mol as se van St. Gal l en (Schwiez). Geol. Mit Aachen_::, pp 1-68. 
BRI DGEWATE R, D., ESCHER, A. and WATTERS ON, J. (1973) Tectonic Displacement and 
The rmal Activity in Two Contrasting Proterozoic Mobile Belts from Green-
l and . Trans . Phil . Roy . Soc . Con. A 273. 
BRINK , W.C. (1 950) The Geol~gy-,- Structure and Geology of the Nuwerus Area , 
Cape Province. Ann. Uni v. St e l l . XXVI. , A. 4. 
BROWN, R.L., DALZIEL, I.W.D. and RUST ,' B.R. (1969) The structure me tamorphism 
and development of the Boothia Arch, Canada., Can. Journ. Eart h Sc. 
~' pp 525-543. 
,, 
180 
CHADWICK, B. (1968) Deformation and Metamorphism in the Lukmanier Region , 
Central Switzerland . Geol . Soc . America Bull . ]J_, pp 1123-1150. 
CHAPPLE, W.M. (1968) A Mathematical Theory of Finite Amplitude Rock-
Folding. GeoZ. Soc . Am. BuU. ]J_, pp 4 7-68 . 
(1 969 ) Fold Shape and Rheology . The Folding of an Isolated Viscous-
Plastic Layer. Tectonophysics ]_, pp 97-116 . 
CHAYES, r« . (1952) On the Association of Perthitic Microcline with Highly 
Undulant and Granular Quartz in Some Calc- Alakline Granites Am. 
J , Sci. 250, pp 281. 
CHINNER, G. A. ( 1961) The Origin of Sillimani te in Glen Clova , Angus· 
Jour. Petrol . I· pp 312-323. 
CLIFFORD , T. N. (1970) The Structural Framework of Africa in Clifford, T. N. 
and t;ass, LG. \ Eds.) , Atn.can magmatism and tectonics, Oliver and 
Boyd, EdinbuPgh, PP 1-26. 
, GRANOW, I ., REX, D.C., BURGER ~' A.J. (1 975) Geo chrono logy and Petro----geneti c Studies of High-Grade Metamorphic Rocks and Intrusives in 
Namaqualand , South Africa. J. Petrology, ..!.§_, pp 154-188. 
--- and STUMPFL, E. F. (1975) Miner alogical and Is ot opi c Studies of the Crystalline Rocks of the 0' okiep- Nababeep District, Namaqualand, 
South Africa (Abstact). In Gedkongres ?5 . Geol . Soc . S. Afr. pp 25-27. 
CHRISTIE, J.M. (1960) My lonitic Rocks of the Moine Thrust Zone in the 
Assynt District, North West Scotland. Trans . Geol . Soc~ Edinb . ~. 
p " 79. 
(1963) Moine ,Thrust Zone i n the Assynt Region, North .West Scotland, 
Univ~ Calif. Publ. Geol . Sci . 40, p.345. 
COETZEE, C. B. (1941) The Petrology of the Goodhouse-Pella area, Namaqualand, 
South Africa. Trans . geol . Soc . S. Afr., 44, pp 167~205. 
COBB OLD~ P.R. , COSGROVE, I. W. and SUMMERS , J. M. ( 19 71) 
ternal Structures in Deformed Anisotropic Rocks. 
_g, pp 23-53. 
Development of In-
Tectonophysics 
COORAY, P.G. (1969) Charnockites as Me tamorphic Rocks. Am. J, Sci . 267, pp 
969-982. 
CORNELL, D. (1975) Petrology of the Marydale Metabas ites. Unpubl . Ph . D. 
thesis·, Univ . Carrbridge, pp 216. 
COWARD, M.P. (1973a) He terogeneous Deformation in the Deve l opment of the 
taxfordian Complex of South West Outer Heb rides. Geo l. Soc. London 
Quart . J., 129 , pp 139-160. 
(1973b) The Structure and Origin of Areas of Anomalously Low 
---intensity Finite Deformation in the Basement Gneiss Complex of the 
Outer Hebrides . Tectonophysics , ..!.§_,pp 117-140. 
CRAWFORD, A.R. and OLIVER , R.S. (1969) Some Observations on the Distribution 
and Nature of Granulite Facies Terrains. Spec. Publ. Geol. Soc. 
Australia, I• pp 259-268. 
COWARD , M. P ., GRi\HAM , R.H ., JAMES, P . R. a nd Wi\KEF I ELO, J. (197 3) i\ Struc tural 
Int e rpr e tation of th e North e rn Margi n at th e Limp opo Oro gc ni c Be lt , 
Southe rn Africa . Phi . Trans . Hoy . Soc . Lo n . i\273, pp 487-4 9 l. 
181 
CURRIE, K.C. (1971) The· Reaction 3 Cordierite + 2 Garnet + 4 Sillimanite + 
---
5 Quartz as a Geological Thermome ter in the Opinicon l,Lake Region Ontario. 
Contrib . Mineral Petrol . ~' pp 2 15-226. 
(1974) A Note on t he Calibration of the Garne t-Cordie rite Geothermometer 
and Geobar otne ter . Con t r . Miner . Petro i. !!.!!._, pp 35- 44. 
CURRIE, J. B., PATNODE, H. W. and TRUMP , R.O. ( ) Development of Folds in 
Sedimentary Strata. Geol . Soc . Am. Bull ., ]_]_, pp 655- 674 . 
DALZIEL , I. W., BROWN , J. M. and WARREN , T. E. (1969) The Struct~ral and Meta-
mo rphic History of t he Ro cks Adjacent to the Grenville Front Near 
Sudbury Ontario and Mount Wright, Quebec. Geol . ~ssoc . Can . Spec . Pap. 
~' pp 207-244. 
DEARNLEY, R. (1963) The Lewisian Complex of South Harris; With Some Observations 
on the Metamorphosed Bas ic Intrusions of the Outer Hebrides Scotland. 
GeoL Soc . London. Quart . 4 75, pp 243-312. 
DENIS , J.G. (1972) Structural Geology . Ronald Press . New York , pp 532. 
DE SITTER, L.U. (1952) Plissement Croise Dans le Haut-Atlas. Geologie Mijnb., 
~' pp 277-282. 
__ (1956) Structural Geolo gy . McGraw HiU London , pp 552. 
DE VILLIERS, J. and SOHNGE, P.G. (1959) The Geology of the Richtersveld. 
Geol . Surv . S. Afr., Mem. ~' pp 295. 
DE WAARD, D. (1965a) The Occurrence of Garnet in the Granuli te Facies 
Terrain of the Adirondack Highl ands. J. Petrol . _§_, pp 165-191. 
(1965b) A Proposed Subdivision of the Granulite Facies. Am. J. Sci . 
263 , pp 455-461 . 
(1969) The Occurrence of Charno ckites in the Adirondacks. A Note on 
-~-the Origin and Definition of Charnockite. Am. J. Sci ., 267, pp 983~987. 
(1973) Classification and Nomenclature of Felsic and Mafic Rocks of High-
~--Grade Regional~Metamorphic Terrains. N. Jb . Miner. Mh . 2_, pp 381-392. 
· DIDIER, J. (1973) Granites and Their Enclaves. Elsevier Amsterdam, pp 393. 
DIETERICH , J.H. and CARTER, N.L. (19 69) Stress History of Folding. Am. J. Sci. 
267, pp 129-154. 
DONATH , F. A. and PARKER, R.B. Folds and Folding. Geol. Soc . America 
Bull . ]2_, pp 45-62. 
DUNNE TT , D. ( 1969) A Technique of Fini te Strain Analysis Us i ng Elliptical 
Particles. Tectonophysics , ]_,pp 117-136. 
DURNEY, D.W. and RANSAY , J.G. (1973) Incremental Strains Measured by Gravity 
and Tectonics Syntectonic Cryst a l Growth in De Jong, K.A. and Scholten, 
R. (Eds.), ~vi ley, New York . pp 67-96. 
DU TOIT, M.C. (1965) A Geological Investigation and Correlation of Rocks 
Belonging to the Karas Formation in the Gordonia and Kenhardt Districts, 
Northern Cape Province. Unpbl M.Sc. thesis Univ . Orange Free State, 
pp 110. 
EDMOND, O. and MURRE~L, S.A.F. (197 3) Experimental Observ~tions on Rock 
Fracture at Pressures up to 7 kb and the Implications for Earthquake 
Faulting. Tectonophysics , ..!..§_, pp 71-88. 
. . ' 
182 
ELLIOT, D. (1965) The Quant itative Mapping of Directional Minor Structures. 
J. Geol ., J2.., pp 865-880. . 
(1970) The Interpre tation of Fold Geometry fr om Lineation Isogonic Maps. ---
J . Geoi ., !!!._, p . 1968. 
(1970b) Determination of Finite Strain and Initial Shape from Deformed ---Elliptical Objects. Geoi . · Soc. Am. BuU . ~' pp 2221-2236. 
(I 72 ) Deformation Paths i n Structural Geology . Geoi . Soc . Am. BuU . 
--- --HJ, pp 2621-2638 . 
ESCHER , A. and WATTERSON, I. ( 1974) St retching Fab rics, Folds and Crustal 
Shortening. Tectonophysics , E, pp 223-231. 
FAIRBAIRN , H.W. (1949) Structural Petrology of deformed rocks. Addison-Wesley 
Carribr idge, Mas s. 
FLEUTY , M.J. (1964) - The Description ot" Folds. Geol. Assoc. Proc., J.2, pp 461-489. 
FLINN , D. ( 1956) On the Deformation of the Funzie Co.nglomerate, Fetlar 
She tland. J. Geo i., .§!:, pp 480-505. 
(1 958) On tests of Significance of Preferred Orientation in Three ---
Dimensional Fabric Diagr.ams. J. Geo ?,., ~' pp 526-539. 
---(1962) On Folding During Three-Dimensional Progressive De f ormation. 
Geoi . Soc. London, Quart. J. ~' pp 385-433. 
FRANCIS, P.W. (1973) Scourian-Laxfordian relationships in the Barra Isles. 
Geoi . Soc. London. Quart . J. 129, pp 161-190. 
FREJVALD, M. (1974) Low Pressure Remetamorphism of Granulites and Ortho-
gneiss Complexes' in the Kris tanov and Prachatices Massifs (Southern 
Bohemia). Min . Mag . 22_, pp 6 12-613. 
FYFE, W.S. (1960) Hydrothermal Synthes is and Determination of Equilibrium 
Between Minerals in the Subsolidus Region. J. Geoi. 68. · 
GARFUNKEL, Z. (1966) Problems of Wrench Faults. Tectonophysics , 1_, pp 457-473. 
GARNETT, J.A. and BROWN, R.C. (1973) Fabric Variation in the Lubec-Belleisle 
Zone of Southern New Brunswick. Can. J. Earth Sci. _!_Q_, pp 1591-1599. 
GAY, N.C. (1 968) The Motion of Rigid Particles Embedded in a Viscous Fluid 
During Pure Shear Deformation of the Fluid. Tectonophysics, ~' pp 81-
88. 
---(1969) The Analysis of Strain in the Barberton Mountain Land, Eastern Transvaal, using Deformed Pebbles . J. of Geoi. V. ]J_, pp 377-396. 
--- and WEISS, L.E. (1974) The Re lationship Between Principal Stress Directions and the Geometry of Kink Bands in Foliated Rocks. Tectonophy-
sics . .?..!._, pp 287. 
---and JAEGER, J.C. (1975) Cataclastic Deformation of Geological Materials in Matrices of Differing Composition II Boudinage. Tectonophysics, !:]_, 
pp 323-331. 
183 
GEOLOGICAL SURVEY (1972) Vioolsdrif-Goodhous e-Dabenoris-Onseepkans, geological 
maps . Department of Mines , Pretoria . 
GERINGER, G.J. ( 1973) Die Geologie van die Argiese ·Gesteentes en Jongere 
Fonnas ies in die Gebied Wes van Upington, met Spes iale Ve rwysing na die 
Verskillende Garniet voorkomste . ·Unpuhl . D. Sc . thesis, Univ . Orange 
Free State . 
GERMS , G.J.B. (19 72) The Stratigraphy and Palaeontology of the Lowe r Nama 
Group , South West Africa. Precambrian Res . Uni t , Uni v . of Cape Town, 
_!_?_, pp 250 . 
GEVERS , T. W., PARTRIDGE , F.C. and JOUBERT, G. K. ( 1937) The Pegmatite 
Area South of the Orange River in Namaqualand . GeoZ . Surv . S . Afr., 
Mem. 31. 
GHOSH, S.K. (1966) Exp~rimental Tes t s of Buckling Folds in Relation to 
Strain Ellips oid in Simp le Shear Defonnations. Tectonophysics, l_, 
pp 169-185 . . ·· '.. 
---(1968) Expe riments of Buckling of Mult ilayers which Permit Interlayer Gliding. Tectonophysics , ~. pp 107-149. 
(1974) Strain Distribution in Superposed Buckling Folds and the Problem ---of Reorientation of Early Lineations. Tectonophysics , l!_, pp 249-272 . 
and RAMBERG, H. (1968) Buckl ing Experiments on Intersecting Fold . 
---Pat terns . · Tectonophysics , 2_, pp 89- 105. 
GOLDSMITH , R. (1961) Axial Plane Fol ding in Southeastern Connecticut. 
Prof. Pap . U.S . geoZ . Surv . 41 46 . 
GREEN, T. H. and RINGWOOD , A.E. (196 7) An Experimenta~ Investi?ati~n of the Gab-
bro to Eclogite: Transformation and its Petro l ogical Applications. 
Geochirrr- Cosmochim. Acta, 3, pp 76 7-834. 
(1968) Ori gin of Garnet P~enocrysts in Calc-Alkaline ~Rocks. Contrib . 
---Mineral and Petrol . ~ •. pp _16 3-174. · . . 
GREEN, D.R. and HIBBERSON , W. (1970) The Instability of Plagioclase in Peri-
dotite at High Pres sure. Lithos . l_, pp 209- 221 . 
GREENWOOD, H. I . (1967) Wollastonite: Stability in H20 - C0 2 Mixtures and 
Occurrence in a Contact Metamorphic Aureole Near Salmo, British 
Columbia, Canada. Am. Mineral . ~. pp 1669-1680. 
GRIGGS, D. and HANDIN, I. (1960) Observations on Fracture and a Hypothesis o ~ 
Earthquakes in Griggs, D. and Handin, I. (Eds.), Rock Defonnation. 
Geol . Soc . Am. Mem. ]J_, pp 382. 
HAHN , ·s . T., REES , R. and EYRING, H. (1967) Me chani sm for the Plastic Defonna-
tion of the Yule Marb le. Geol . Soc . Am. Bull . ~.pp 773-781. 
HALL , A. (1 965) The Ori gin of Accessory Garnet in the Donegal Granite. 
Geol . Mag. ~. pp 628-633. 
HARKER, A. (1932) Metamorphism. Methuen, London, pp 362. 
184 
HANDIN, J . , FRIEDMAN, M., LOGAN, J . M., PATTISON, L.I. and SWOLFS, H. (1972) 
Experimental Folding of .Rocks Under Confining Pressure: Buckling 
of Single Layer Beams •in Heard, H. C., Borgl, Y., Carter, N.C . , 
Raleigh, C. 13 . (Eds.), Flow and Fracture of Rocks ·. Am. Geophys . Union. 
Maragmph, ..!.§_, pp 1- 28 . 
HAUGHTON, S.H. and FROMMURZE, H. F. (1 936) The Geology of the Warmbad District 
Dept . of Mines , S. W. A. Mem I I. 
HE L\RD, H.C. (1960) Trans ition from Brittle t o Ductile Flow in Solenho fen Lime-
stone as a Function of Temperature, Confining Pressure and Intestial 
Fluid Pressure in Grigg, . D. and Handin, J. (Eds.) , Rock Deformation. 
Geol. Soc. Am. Mem. ]J_, pp 193- 226. 
HENSEN , B.J . and GREEN, D.R. (1971) Experimental Study of the Stability of 
Cordierite an.d Garnet in Pelitic Compositions at High Pressures 
Temperatures Part I . Compositions with Excess Alumino-Silicate. 
and 
Contrib. 
Mineral. Petrol. 12• pp 309- 331. 
- --(1972) Experimental Study of the Stability of in Pelitic Compositions of High Pressures and 
Compositions without Excess Alumina-Silicate. 
Pe trol . 35, pp 331 - 354 . 
Cordierite and Garnet 
Temperatures . Part II . 
Contrib. Mineral. and 
___ (1973) Experimental Study of the Stability of Cordierite and Garnet in 
Pelitic _Compositions at High Pressures and Temperatures . Part III. 
HEDBERG, H.D. (1970) Preliminary Report ~n Lithostratigraphic Units . Internat . 
Subconun. Stratigr. Classif . 24th Internat . Geol . Congr. Rep. 1_ , 30p. 
HEMLEY , J.J . (1959) Some Mi neralogical Equilibria in the system K20 - Al203 
Si02 - H20 . Am. J . Sci . , 25 7, pp 241 . 
HEPWORTH, J . V. (1967) The Photogeological Recognition of Ancient Orogenic 
Belts in Africa . Geol. Soc . Lon . Quart. J . 491, pp 253-292. 
___ (1972) The Mozambique Orogenic Belt and its Foreland in Northeast Tan-
zania . A Photogeologically Based Study . Geol. Soc. Lon. Quart J. 
128, pp 461 - 500 . 
HESS , P. C. ( 19 71) Prograde and Retrograde Equilibria in Garnet-Cordieri te 
Gneisses in South Central Massachusetts. Contrib . Mineml . and Petrol. 
2Q_ , pp 177-195. 
HEWINS, R. (1975) Pyroxene Geothermometry of Some Granulite Facies Rocks. 
Contrib . Mineral and Petrol . ~. pp 205-210 . 
HILLS, E.S . (1963) Elements of Structural Geology . Me thuen, London. pp 483 . 
HIRSCHBERG, A. and WINKLER, H. ( 1968) Stabilitatsbeziehungen Zwischen Chlorit . 
Cordierit und Almandin bei der. Me tamorphose . Contrib . Mineral. Petrol. 
~. 17- 92 . 
HOBBS , B. E. (19 7 I) The Analysis of Strain in Folded Layers. Tectonophysics, 
_!__!_, pp 329- 375 . 
(1972) Deformation of Non- Newtonian Materials in Flow and Fracture of ---Rock . Heard H. C. Borg , I.Y., Carter, N. L. and Raleigh, C. B. (Eds .), 
Am. Geophysical Union Monograph ..!.§_, pp 243- 258 . 
1 . . 
185 
HOLLAND, I. G. and LAMBERT, .. R. St. I. ( 1969) Structural Regimes and Meta-
morphic Facies. Tectonophysics, }_, pp 197-217. 
HOLMES, A. (1951) The Sequence of Pre- Cambrian Orogenic Be lts in South and 
Cent ral Af rica . . Int . Geol. Congr. ~' (14) pp 254-69. 
HOP GOOD, A.M. (1973) The Significance of Deformat ional Sequence i n Dis criminating 
be tween Precambrian Terrains, in Liste r, L.A. (Ed.), Sympos i um on Granites 
Gnei sses and Related Rocks. Spec . ~ubl. Geo l . Soc. S. Afr., 2_, pp 45-51. 
and BOWES, D.R. (1972) Application of Structural Sequence to the · 
---Correlation of Precambrian Gneisses~ Outer Hebrides, Scotland. Geol. Soc. 
America . BuU ... _?]_, pp 107-128. 
HO~SACK, J.R. (1968) Pebble Deformat i on and Thrusting in the Bydin Area 
(Southern Norway) Tectonophysics ~' pp 315-339. 
HOWIE, R.A. (1964) Charnocki tes. Sci. Prag. ~' pp 628-644. 
~--(1967) Charnockites and Their Colour. Geol. Soc. India J. ~' pp 1-7 . 
HUBBARD, F.H. (1975) Precambrian Crus tal Development in Western Nigeria : 
Indications from the Iwo .Region. Geo ~ . Soc. Am. Bull. ~' 548-554. 
HUDLESTON, P.J. (1973a) Fold Morphology and Some Geometrical Implications 
of Theories of Fold . Development. · Tect onophysics, 16, pp 1-46. 
' 
~--(1973b) An Ana iysis of 'Single Layer' Folds Developed Experimentally in 
Viscous Media. Tectonophysics, _!_§_, pp 189-214. 
' 
___ (1973c) The Ana1lysis and Interp r etation of Minor Folc:l'.s Developed in the 
Moine Rocks of Monar Sutherland . Tectonophysics, J.J_, pp 89-132. 
HUDLESTON, P.J. and STEPHANSSON, 0 . . (1973) Layer Shortening and Fold Shape 
Development in the Buckling of Single Layers. Tect onophysi cs J.J_, 
pp 299-322. 
HUGO, P.J. (1969) The pegmatites of the Kenhardt and Gordonia Districts, 
Cape Province. Geol. Surv. S. Afr. Mem. 58, 881-94. 
HYNDHAM, D.W. (1972) Petrology of Igneous and Metamorphic Rocks. McGraw 
· Hill. New York. pp 533. 
JACKSON, M.P.A. (1974) Field Relations Between Key Lithological Units of 
the Namaqua Metamorphic Complex and the Naisib River Complex in the 
Eastern Luderitz District i n .Twel fth Annual Reports. Precambrian 
Res . · Unit, Univ. of Cape Town, pp 33-40. · 
---( 1976) High-Grade Metamorphism and Migmatisation of the Namaqua Meta-morphic Complex around Aus in t he Southern Namib Desert, South West 




JAEGER, J.C. and COOK, N.G.W. (1969) Fundamentals of Rock Mechanics. Methuen 
London, pp 513. 
JAMES, H.L. (1955) Zones of regional metamorphism in the Pre-Cambrian of 
Northern Michigan. Geo l. Soc. America. BuU. ~' pp 1455-1488. 
JANSEN, H. (1960) · Th.e Geolo gy .of the Bitterfontein Area, Cape Province. Expl. 
of sheet 253 (Bitterfontein), Geol . Survey S. Afr. 
JOHNSON, ~. M . and' HONEA, E. (1975) A 1heory of Concent r ic, Kink and Sinus oidal 
. Foldi~g.and of Monoclinal Flexuring of Compressible Elast ic Multilayers 
II I~itial Stress and Non-Linear Equations of Equi librium. Tectono-
phys~cs, ~' pp 261-280. 
JOHNSON, M.R. W. (1957) The Structural Geology of the Moine Thrust Zone in the 
Coulin Forest Western Ross. Geol. Soc. Ca:nada, Quart . J. ~' pp 241-270. 
___ ( 1960) The Structural History of the Moine Thrust Zone at Lochcarron 
Western Ross/':'. IJoy. Soc. Edinb . Trans.~' pp 139-168. 
___ (1961) Polymetamorphism in Movement Zones in the Caledonian Thrust Belt 
of Northwest Scotland. J. Geol. 69, p.417. . 
___ (1967) My lonite Zones and Mylonite Banding. Nature ~' pp 246-247. 
___ and CHRISTIE, J.M. (1965) The Moine Thrust: A Discussion. J . Geo l. 
].}_, pp 672-681. 
JOUBERT, P. J. ('1971) The Regional Tectonism of the Gneisses of Part of Nama-
qualand. Precarrbrian Res . Unit , Univ . of Cape Town, Bull. 10. 
---( 1974a) Wrench Fault Tectonics in the Namaqualand Metamorphic Complex 
in Kroner, A. (Ed.), Contributions to the Precambrian Geology of 
Southern Africa. Precarrbrian Res. Unit, Univ. of Cap? Town, ~' 
pp I 7-28. 
(1974b) The Gn~isses of Namaqual and and Their Deformqtion. Trans. geo l. 
--S. Afr. !}_, pp -339-34 7. 
KATZ, M. (1968) The Fabric of the Granulites at Mont Tremblant Park, Quebec. 
Can . J. Earth Sci. 2, pp 797-812. 
KENNAN, P.S. (1972) Exsolved Sillimanite in Granite. Min. Mag . 38, p 763. 
KENNEDY, W.Q. (1949) Zon~s of Progressive Regional Metamorphism in the Moine 
Schists of the Western Highlands of Scotland. Geol. Mag. ~' pp 43-56. · 
KR~NER, A. (1968) The gneiss-sediment relationships north-west of Vanrhyns-
dorp Cape Province. Precarrbrian Res. Unit, Univ. of Cape Town, 1_, 
pp 233. 
(1974a) Late Precambrian Formations in . the Western Richtersveld, Northern 
~---Cape Province. Precambrian Res. Unit, Univ. Cape Town, ..!_l, pp 115. 
187 
( 1974b) Geochronology. Tenth and Eleven·th Ann. Reports. Precambrian ---Res . Un-i ·t , Un i v. ·of Cap e Town, pp 98-102. 
(1975) Geochronology. Twelfth Ann. Report. Precarribrian Research ---Unit, Univ . of Cape Town, pp 56-58 • . · 
KUSHIRO, I. and YODER, H.S. (1966) Anorthite-Forsterite and Anorthite-
Enstatite Reactions and Their Bearing on the Basalt-Edogite Trans f orma-
tion .. J. Pe ·trol. l_, pp 337-362. 
LASSERE, M. and SMITH, R.W. (1974) Incoherent Image Processing Using Slit 
Shaped Appertures. Optics Communications, ..!3_, pp 260-265. 
LEAKE, B.E. (1958) Composition of Pelites from Connemara. Co. Galway. 
Geol. Mag . 22, pp 281-296. 
LIOU, J.G. (1973) Synthesis and Stability Relations of Epidote, Ca2Al 2Fesi 301 2 
(OH). J. Petrol. ~' pp 381-414. 
LISLE, R.I. (1974) Deformed Lineations as Finite Strain Markers. Tec tono-
phys ics, ~'pp 165-179. 
LUNDGREN, L. and EBBLIN, C. (1972) Honey Hill Fault in Eastern Connecticut. 
Geol. Soc. Am. BuU. ~' pp 2773-2794. . 
MARMO, V. (1971) Granite Petrology and the Granite Problem. Els evier 
Amsterdam pp 244. 
MARTIN, H. (1965) The Precambrian geology of South West Africa and Nama-
qualand. Precambrian Res. Unit, Univ. of Cape Town. 158 pp. 
MATHEWS, P.E., BOND, R.A.B. and VAN DEN BERG, J.J. (1971) Analysis and 
Structural I mplications of a Kinematic Model of Similar Folding. 
Tectonophysics, ..!3_, pp 129-154. 
~--(1974) An Algebraic Method of Strain Analysis Using Eliiptical 
Markers. Tectonophys-ics ~' pp 31-68. · 
I 
McINTYRE, D.B. (195°1) The Tectonics of the Area Between Grantown and 
Tomintonl (Mid Strathspey). Geol. Soc. London. Quart J. 107 . __, 
pp 1-22. 
McKENZIE, W.S. (1965) Some Cormnents on the Application of Experimental Results 
to the Study of Metamorphism in Pitcher, W.S. and Flinn, G.W. (Eds.), 
Controls of Metamorphism, Oliver and Boyd, Edinburgh, pp 268-273 ,, 
MEHNERT, K.R. (1968) Migmatites and the origin of granitic rocks. Els evier; 
Amsterdam, London, New York, pp 393. 
___ (1972) Granulites. Results of Discussion II. N. Jb. Miner. Mh . ~' pp 139-
150. 
METZ, p, (1 970) Experimentelle. Unte rschung der Me tamorphose van Kieselig 
Dolomitischen Sedimen. II. Die Bildungsbedingrugen des Diopsids · 
Contrib . Mine ral. Petrol, ~, . pp 221-250. 
METZ, p, and TROMMSDORFF, V. (1968) On Pha$e Equilibria in Metamorphosed 
Siliceous Dolomites. Contrib. Mineral. Petrol. ~' pp 305-309. 
' • ., 
188 
MOODY, J.D. and Hill, .H.J. (195 6) Wrench Fault Tectonics. Geol . Soc. Am. 
Bul l, !!.!._, pp 1207-1246. 
MOORE, A.G. (1973) Studies of I gneous and Tectonic Textures and Layering in 
t he Rocks of the Gosse Pile Intrusion, Central Australia. J . Petrol . 
__!,!:, pp 49- 80; . 
( 1976) The Pe tro gr aphy- and Regional Set t i ng of the , Tan tali te Vall ey 
Comp l ex , South West Afri ca . Geol . Soc . S . Afr. Trans . 78 . 
MUKHOPADHYAY, D. (19 73 ) Strain Measurements from Deformed Quartz Grains in the 
Slaty Ro cks from t he Ar dennes and t he Northern Eife l, Tectonophysics , 
__!__§_, pp 279-296 . 
MUKHOPADHYAY, D., SENGOPTA, S. and BHATTACHARYA , S. ( 1969) Stra in Measurements 
in Some Precambrian Rocks of Eastern India and Their Bearing on t he 
Te ctonic Sig?ifi cance of Schistosity. J. Geo l., !.}_, pp 703-710. 
MYASHIRO, A. (1973) Metamorphism and Metamorphic Belts. George Al len and 
Unwin, London, 492 pp. 
NARA, K., CHAUDHURI, A.K. (1968) Large Scale Fold Interference in a Meta-
morphic Complex. Tec tonophysics, ~. pp 127-158. 
I 
NICHOLS EN , R. ( 1965) The Structure and Me t amorph ism of th,e Man tling Karagwe-
Ankolean Sediments of the Ntungamo Gneiss Dome and Their Time- Relationship 
to the Development of the Dome. Geol. Soc. London Quart J. 482, pp 
143-162. 
NICKELSON, R.O. (1975) New Basement Te ctonics Evaluated at Salt Lake City. 
Geotimes , 20, pp 16-17. 
NICOLAYSEN, L.O. and BURGER, A.J. (1965) Note on an extensive zone of 1000 
million-year old me t amorphic and igneous rocks in Southern Africa. · sci . 
de la Terre, _!Q, pp 497-516. 
O'DRISCOLL, E.S. (1962) Experimental Patterns in Superposed Similar Folding. 
J. Soc. Petro l. Geo l. Alberta, _!Q, pp 145-167. 
(1964) Interference Patterhs from Inclined Shear Fold Systems. Canadian ---Pe trol. Geo l. Bull. - ~" pp 279-311. 
OLIVER, R.L. and SCHULTZ, P.K. (1968) Colour in Charnockites. Mi n. Mag., 
~, pp 1135-1142. 
OROWAN, E._ (1960) Mechanism of Seismic Faulting i n Griggs, _D. and Handin, J. 
(Eds.), Rock Deformation. Geol. Soc. Am. Mem. J_J_, pp 323-346. 
PARK, R.G. (1969) Structural Correlation in Metamorphic Belts. Tectonophysics , 
!_, pp 323-338. 
PATERSON M.S. and WEISS, L.G. (1961) Symmetry Concepts in the Structural Ana-
l ysis of Deformed Rocks. Geo'i . Soc. America Bull. Jl:.., PP 841-882. 




PEARSON, D. E. (1972) Location and Structure of t he Precambrian Kes seynew 
Gneiss Domain of Nor thern Saskatchewan . Can . Jour. Earth Sci., ~' 
pp 1235- 1249 . 
PHILPOTTS , A. R. (1966) Ori gin of the Anorthosites - Mangerite .Rocks in 
Southern Quebec . J . Petrology, ]_, pp 1-64 . 
I 
PI KE , D. R. (1 959) The Monazite Deposits of the Vanrhynsdorp Division, Cape 
Province . M. Sc . thesis , Univ . Pretoria . 
POLDERVAART, A. and VON BACKSTR(JM, J. W. (1949) A Study of an Area at Kakamas 
(Cape Province.) Trans . geol . Soc . S. Afr., ~' pp 433-495 . 
PRETORIUS D.A. (1964) Towards a Regional Synthesis of the Results of 
Rese~rch Work. 6th Ann. Rept . Econ . Geol . Res . Unit , Univ . Witwaters-
rand, pp 25- 27. 
PRICE , N. J. (1966) .Fault and Joint Development in Brittle and Semi-Brittle 
Rocks. Pergaman Oxford , 176 pp . 
(1967) The Initiation and D~velopment ·of Asymmetric ·nuckle Folds in Non-
~--Meta1,1orphosed Competent Sediments . Tectonophysics, i' pp 173-202 . 
___ (1975) Rates of Deformation . Geol . Soc . Lon. Quart J ., _!2!_, pp 533-5 76. 
HJ\G J\N, D.M. (1 973). Structur al Geo logy . An Introduction to Geome tri a l 
'l' chniqucs . W-iley, New York, pp 208 . 
RAMllERG , H. (1947) Force of Crystall i sation as a Well Definable Property 
of Crysta ls . Geo l . For. Stockh. F(irg . , .§2_, p. 189. 
(1955) Natural and Experimental Boudinage and Pinch and Swell 
---Structures. J. uGeol ., ..§.l, pp 51 2-526. 
___ (1959) Evolut ion of Ptygmatic Folding. Norsk . Geol . Tiddskr., 12_, 
pp 99-131. 
(1961a) •Contact Strain and Folding Instability of a Multilayered 
Body Under Compression . Geol . Rundsch ., 1.!_, pp 405-439. 
~--(1961b) Relationship between Concentric Longitudinal Strain and Con-
centric Shearing Strain During Folding of Homogeneous Sheets of Rock. 
Am. J . Sci ., 2 51 ~ pp. 382-390. 
-'-__ (1963a) Strain Distribution and the Geometry of Folds . Bull. Geo l. 
Inst . Univ . Uppsala , ~' pp 1-20 . . 
___ (1963b) Fluid Dynamics and Viscous Buckling Applicable to Folding of 
Layered Rocks . Am. Assoc. Petrol . Geol . Bull., !!.!.._, 484-505. 
___ (1963c) Evolution of Drag Folds . Geol . Mag., 100, pp 97-106. 
~--(1964) Selective Buckling of Composite Layers with Contrasted Rheological 
Properties . A Theory for Simul taneous Formation of Several Orders of 
Folds . Tectonophysics , _!_, pp 30 7- 341 . 
RAMSAY , C.R. and DAVIDSON , C.R. (1970) The Origin of Scapolite in the Region-
ally Metamorphosed Rocks of Mary Kathleen, Queensland, Australia, 
Contrib . Mineral Petrol . ~' pp 41 - 51. ,. 
190 :. 
RAMSAY, J.G. (1956) The Supposed Moinian Basal Conglomerate of Glen Strath-
farrow , Inverness~shire. Geol . Mag. ~' pp 32-40. 
- __ ( 1960) The Deformation of Early Lin.ear Struc·tures 
Folding . J . Geol., 6~, pp 75-9 3. 
in Areas of Repeated 
___ ( l 963b) Structure Stratigraphy and Metamorphism in the western Alps. 
Proc . Geologists Assoc., ·!!!_, pp 357-391 . 
___ ( 196 7) Folding and Fracturing of Rocks . McGraw HiU, New York . pp 568 . 
---. ( 1 9~9 ) The Measurement of Strain and Displacem~nt in Orogenic Belts 
&n ~i.me and place in Orogeny, Kent , P. E. et al. (Eds), London (Geological 
Soc&ety ), pp 43-79. · 
___ and GRAHAM, R.H. (1970) Strain Variation in Shear Belts . Canadian J . 
of Earth Sci ., ]_, pp 786-813. 
--~· and WOOD, D. S / ... ( 19 73) The Geometric Effects of Volume Change During 
Deformation Processes. Tectonophysics 16, pp 263-2 77. 
RAST, N. (1956) The Origin and Significance of Boudinage . Geol . Mag . 
~' PP 401-408. 
(1963) Structure and Metamorphism of the Dalradian Rocks of Scotland. 
---in Johnson, H.R.W. and Stewart, F.H. (Eds.), The British Caledonides . 
Oliver and Boyd, Edinburgh. pp 123-142. 
(1965) Nucleation and Growth of Metamorphic Minerals in Pitcher, W.S. 
---and Flinn, G.W. (Eds.), Controls of Metamorphism. Oliver and Boyd, 
Edinburgh, pp 73-102. 
REID, D.L. (1974} Preliminary Report oi;i Petrologic Studies of Vol~anic 
and I n trusive Rocks in the Vioolsdrif Region, Lower Orange River 
in Kroner, A. (Ed.), Contributions to the Precambrian Geology of South-
ern Africa, Precambrian Res . Unit, Univ. of Cape Town, PP 57-65. 
REINHARDT ~ E.W. (1968) Phase Relations in Cordierites-Bearing Gneisses 
from the Ganaoque Area. Ontari o. Can. J . Earth . Sci. , ~' pp 455-482. 
·' 
RICHARDSON, S.W., GILBERT, M.C. and BELL, P.M. (1969) Experimental 
Determination of Kyanite-Andalusite and Andalusite-Sillimanites 
Equilibria. The Aluminium Silicate. Triple Point. Am. J. Sci ., 
267, pp 259-272. 
SAGGERSON, E.P. (1974) Porphyroblas t s and Displacement. Same New Textural 
Criteria From Hornfels. Min. Mag . ~' pp 793-797. 
SAVIN, G.N. (1961) Stress Concentrat ion Around Holes. Pergamon Oxford, 
. pp 430. 
SCOTFORD, D.M. (1955) Axial Plane Folding. Geol. Soc. American Bull., 




SEN, S.K. and RAY, S. (1971) Hornblendes in Pyroxene Granulites Versus 
Pyroxene Granulit~s: A Study from the Type Charnockite Area. 
N. Jahr . Miner. Ab ., ,.!._!2, pp 291-314. 
SHERWIN, J.A. and CHAPPLE, .W.M. (1968) Wavelengths of Single Layer Folds. 
A Comparison Between Theorj and Observation. Am. J . Sci ., 266, 
pp 16 7-179. 
SKINNER , W. R. BOWES, .D. R. and KHOURY , S.G. (1969) Polyphase deforma tion 
in the Archaean basement complex Beartooth Mt , Montana and Wyoming . 
Geol . Soc . America. Bull ., 80, pp 1053-1060. 
SKJERNAA , L. (1975) Experiments on Superimposed Buckle Folding. Tectono-
physics, !:.}__, pp 255-270. 
SPENCER, E.W. (1969) Introduction to the Structure of the Earth. McGraw 
HiU ., New Yor•k , pp 597. 
SPRY, A. ( 1969) Metamorphic Textures ~ Per gamon Oxford, pp 350. 
and 11ISCH, P. (1972) Porphyroblasts and Crystallisation Force . Some ---Textural Criteria: A Discussion. Geol. Soc. Am. Bull. ~' pp 1201-1204. 
STABLER, C.L. (1968) Simplified Four i er Analysis of Fold Shapes. Tec tono-
physics, ~' pp 343-350. 
STARMER, I. C. (1972) Polyphase Metamorphism in the Granulite Facies Terrain 
of the River Area. South Norway. Norsk Geo logisk Tidss kriff, ~' 
pp 43-71. 
STORRE, B. and KAROTKE, E. (1971) An Experimental Determination of the Upper 
Stability Limit of 'Muscovite + Quartz' in the Range 7-20 kb Water 
Pressure . N. Jahrb. Mineral . Mh . 237. 
STRECKEI SEN, A. (Ed.) (1973) Classif i cation and Nomenclature of Plutonic 
Roc~s : Recomm~ndations~ I.U.G.S. Subconnn. on the Systematics 
of Igneous Ro cks. N. Jahrb. Mineral. Mh. pp 149-164 •. 
STR~MG~, K.E. (1973) Stress Distribution During Formation of Boudinage and 
Pressure Shadows. Tectonophysics , ~' pp 215-248. 
STURT, B.A. (1961) The Geological Structure of the Area South of Loch 
Tummel. Geol . Soc. Lon . Quart J. _!_!2, pp 131-150. 
SUTTON, J. and WATSON, J. (1959) Metamorphism in Deap-Seated Zones of Trans- · 
current Movement at Kungwe Bay, Tanganyika. J. Geol. ~' pp 1-13. 
(1962) Further Observations on the Margin of 
~--the Lewisian Near Loch Laxford. Sutherland. 
_§2, pp 89-106. 
the Laxfordian Complex of 
Roy. Soc. Edinb. Trans. 
TALBOT, C.J. (1970) The Minimum Strain Ellipsoid Using Deformed Quartz 
Veins. Tectonophysics , 2_, pp 47-76. 
TAN, B.K. (1973) Determination of Strain Ellipses from Deformed Ammonoids. 
Tectonophysics , _!i, pp 89-102. 
192 
TCHALENKO, J .S. (19 70) Similarities Between Shear Zones of Different Mag-
nitudes . Geo i. Soc . Am. BuU, ~. pp 1625-16 40. ' 
TERRY , R.D. and CHILINGAR , G.U. (195 5) Charts for Estimating Percentage 
Composi tiori of Rocks and Sediments . ·· J. Sed . Petrol . ~. pp 229-234. 
THEODORE , T. G. (1972) Petrogenesis of 'Mylonites a t High Metamorphic Grade in 
the Peninsular Ranges of Southern California. Geo l . Soc . Am. Bull . 
81. 
THOMPSON , J. B. (1957) The Graphi ca l Analysis of Mineral Assemblages in 
Pelitic Schists . Am. Mineralogist, ~. pp 842-858 . 
TOBI , A.C. (1971) The Nomenclature of the Charnockitic Rock Suite . N. Jahrb . 
Mineral . Mh . ~. pp. 193- 205. 
TOnI SCH, O.T., FLEUTY , M.J., Merh , S.S., MULHOPADHYAY , D. and RAMSAY, J . G. 
(1 970) Defor~ational and Metamorphic History of the Moinian and Lewisian 
Rocks Between Strathcomm . and Glen Africa. Scott . J . Geol . 6, pp243-
265 . -
TOOGOOD, D. J . (1974) Preliminary Report on the Geology of the Onseepkans 
Area , Southeastern South West Africa, in Tenth and Eleventh Ann. Report , 
Precambrian Res . Unit , Univers i ty of Cape Town, pp 31-37. 
(19 75a) Tectonic Interpretation of t he Namaqua Mobile Belt in Southeastern ---
South West Africa. Twelfth Ann. Report, "Precarribrian Res . Unit, Univ . of 
Cape Town, pp 27-32. 
(1975b) The Pofadder Shear Zone . (Abstract) in Ge6kongress 75. Geol . Soc . ---s. Afr . pp 140-1 Lt! ~ 
TORSKE , T. (1972) The Nomenclature of the Charnockitic Rock Suite: A Dis- . 
cussion. N. Jahrb. Mineral . Ab . pp 74-77. 
TOURET, J. ( 19 71 ) Le Facies Granulite en Norvege Meridi6nale .II. Les Inclusions 
Fluides. Lithos, ~. pp 423-4 36. 
(19 74) Flui d Inc lus ions in High Grade Me tamorphic Rocks, in Volatiles in ---Metamorphism. NATO Advanced Studies Institute Norway . 
-' 
TRUSWELL , J. F. (1970) An I ntroduction to the Historical Geology of South Africa . 
Purnell, Cape Town - Johannesburg London pp 167. 
TURNER, F.J. and WEIS S , L.E. (1963) Structural Analysis of Metamorphic Tec-
tonites . McGraw Hill , New York , pp 545. 
TUTTLE, O.F. and BOWEN, N.L. (1958) Origin of Granite in the Light of 
Experimental Studies in the Sy stem NaAlSi 30s - Si02 - HzO . Geol . Soc . 
Am. Mem . ~. pp 153. 
VAJNER, V. (1974) The Tectonic Deve lopment of 
Foreland in Parts of the Northern Cape. 
Cape Town,_!!:, pp 201. 
the Namaqua Mob ile Bel t and its 
"Precambrian Res . Unit, Univ . of 
VERNON , R.H. (1974) Controls of My lonite Compositional Layering During 
Non-Cataclastic Ductile Deformation. Geol . Mag . J....!..!:, pp 121-123. 
VON 
193 
BACKSTR~M , J.W. (1967) The Geo l ogy and 
vasmak Area, Northwest Cape Province. 
_§., pp 43-51. 
Mineral Deposits of the Riem-
Ann. geol. Surv. S. Afr., 
VON PLATEN, H. (1965) Experimental Anatexis and Genesis of Migmatites, 
in Pitcher, W.S. and Flinn, G. W. (Eds.), Controls of Metamorphism. 
Oliver and Boyd, Edinburgh, pp 203- 218 . 
WATSON, J.V. (1965) Lewisia~ , in -Craig, G.Y. (Ed . ) , The Geol ogy of Scotland . 
Oliver and Boyd. Edinburgh, pp 50-78 . 
--- (19 73) Effe cts of Reworking on Hi gh-Grade Gneiss Complexes . Phil . Trans . R. Soc . Lon . A 273 , pp 443-455. 
WATTERSON , J. (1975) Me chanism for the Persistence of Tectonic Line aments. 
Nature, 253, pp 520-521. 
WEISS, L.E. (1957) Structura l Analysis of the Basement System at Turoka 
Kenya . Overseas Geo l . Mineral Resources, }_, pp 65. 
WHITE. S. (1973) Syntectonic Recrysta llisation and Texture Development in 
Quartz. Nature, 244, pp 276-278. 
(1975a) Tectonic Deformation and Re crystallisation of Oli goclase . ---Contrib . Minera l. Petrol . ~. pp 287-300 . 
(1975b) Effect of Polyphase De f ormation on the Defect Structures of ---Quartz II. The Oridin of the Defect Structures. N. Jahrb . Mineral . Ab . 
123, pp 237-252. 
___ (1975c) Est imation of Strain Rates from Microstructures. Geol. Soc. Lon. 
Quar t . J. ~' pp 577-583. 
and TREAGUS, J.E. (1975) Effect of Polyphase Deformation on the Defect ---Structures in Quartz. N. Jahrb. Mineral . Ab. 123, pp 219-236. 
WHITNEY , P.R. and McLELLAND, J.M. (1975) Origin of Coronas in Metagabbros 
of the Adirondack Mountains, New York. Contrib. Mineral. Petrol. 
]2_, pp 81-98. ' 
WHITTEN, E. H.T. (1966) Structural Geology of Folded Rocks. Rand McNally . 
·' Chicago, pp 662. 
WILCOX, R.E., HARDING, T.P. and SEELY, D.R. (1973) Basic Wrench Tectonics, 
Am. Assoc. Petrol . Geol . Bul l. 'll_, pp 74-91. 
WILLIA.J.~S, P.F. (1970) A Criticism of the Use of Style in the Study of Defo rmed 
Rocks. Geol . Soc. Am. Bull, pp 3283-3296. 
WILSON, G. (1953) Mullion and Rodding Structures in the Moine Series of Scot-
land. Proc . Geol . Ass . 64, pp 118-151. 
WILSON, M.R. (1972) Strain Determination Using Rotational Porphyroblasts, 
Sutitj elma, Norway. J. of Geology. ~' pp 421-431. 
WINCHESTER, J.A. (1972) The Petrology of Moinian Cale-Silicate Gneis ses from 
the Fannich Forest and Their Significance as Indicators of Metamorphic 




WINKLER, H.G.F. (1974) Petrogenesis of Metamorphic Rocks. Springer-Verlag. 
New York, pp 320 .. 
WOOD, B.J. and BANNO, S. (1973) Garnet-Orthopyroxene and Orthopyroxene 
Clinopyroxene ~elationships in Simple and Complex Systems. Contrib. 
Mi neral and Pe~roZ. ~. pp 109-124. ·· 
WYNNE- EDWARDS, H.R. and HAY, P.W. (1963) Coexisting Cordierite and Garnet 
in Regionally Me t amorphosed Rocks from the Westport Area, Ontario. 
Can. Minera logis t, ]_, pp 453-,4 78. 
__ (1963) Flow_ Fol°ding. Am. J. Sci . 261, pp 773-8 14. 
---(1969) Tectonic Overprinting in the Grenville Province, Southwestern Quebec. Geol. Soc. Can. Spec. Pap. 2_, pp 163-182. 
YODER, H. S. Jnr. (1952) The MgO - Al2 03 - Si02 - H20 System and the Related 
Metamorphic Facies. Am. J. Sci. Bowen Volume. 
YORK, D. and FARQUHAR, R;M; (1974) The "Earth's Age and Geochronology Pergamon 
Press. Oxford, pp 178. 
ZWART, H.J. (1960) Relations Between Folding and Metamorphism in the Pyrenees 
and Their Chronological Succession. Geol. MijnboUlJJ, ]2_, pp 163-180 • 
. . - ~· 
